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In view of the extreme pressure drop requirements for maintaining a fixed volumetric
flow rate through micro- and nanofluidic devices, superhydrophobic surfaces have
been proposed to overcome this challenge. Inspired by the water repellent roughness
structure of the lotus leaf, superhydrophobic surfaces are formed by coating a thin
hydrophobic layer over a solid substrate patterned with micron-sized roughness ele-
ments. Surface tension prevents the flowing liquid from penetrating the air cavities
in between the micro-roughness elements. Liquid-gas interfaces thus form over the
cavity regions between the roughness elements. There is consequently a decrease
in the wetted contact area between the flowing liquid and the solid substrate, thus
potentially leading to a reduction in the flow resistance, which is typically charac-
terized by an effective slip length. Assuming an ideal shear-free liquid-gas interface,
the dependence of the effective slip behavior and reduction in flow resistance on the
geometric configuration of superhydrophobic surfaces has been explored in both the
laminar and turbulent flow regimes. Employing a domain perturbation technique,
the effects of a small interface deformation on the effective slip length for Poiseuille
flow through microtubes containing superhydrophobic surfaces patterned with longi-
tudinal ribs and grooves are quantified analytically. For large interface deformations,
numerical studies are performed to predict the effective slip length. The effective
slip behavior for Poiseuille flow through microchannels containing superhydrophobic
surfaces patterned with transverse ribs and grooves is also numerically quantified.
The critical interface protrusion angle at which the effective slip length becomes zero
is determined, which is a function of the superhydrophobic surface geometry, bulk
flow configuration and Reynolds number. In addition, corresponding to the same
geometric parameters, longitudinal grooves are found to be consistently superior to
ii
ABSTRACT
transverse grooves in terms of effective slip behavior. To explore the feasibility of
extending the use of superhydrophobic surfaces for turbulent flows, Direct Numeri-
cal Simulations (DNS) have been performed to investigate turbulent flows through
channels containing superhydrophobic surfaces patterned with transverse or longitu-
dinal ribs and grooves at a Reynolds number Reτ = 180 (friction Reynolds number
Reτ = uτ (H˜/2)/ν where uτ is the friction velocity, H˜ is the full channel height and
ν is the kinematic viscosity of flowing fluid). The maximum flow rate enhancement
is 48% and 139% for superhydrophobic transverse and longitudinal grooves, respec-
tively. For both laminar and turbulent flows, the flow rate enhancement arising from
the use of superhydrophobic surfaces increases with increasing groove-rib periodic
spacing L (normalized by the half channel height). For superhydrophobic transverse
grooves, the flow rate enhancement is larger for laminar flows, regardless of L. For
superhydrophobic longitudinal grooves, the flow rate enhancement is larger for tur-
bulent flows when L ≤ pi/4. Moreover, the turbulent statistical properties and flow
structures illustrate that the use of superhydrophobic surfaces mainly modifies the
flow in the near-wall region. Physical mechanisms responsible for the reduction in
flow resistance are proposed. For longitudinal grooves, bulk flow redistribution may
play an important role. For transverse grooves, there is an increase in the longitu-
dinal integral length scale, which alludes to the presence of larger turbulence flow
structures and a reduction in the quantity of smaller eddies which are responsible
for the viscous dissipation.
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Reduction in flow resistance has an enormous practical utility. Over the years, people
were in search of feasible ways including compliant wall, riblets and polymer addi-
tives or surfactant injection to manage the unfavorable existence of flow resistance.
Combining a hydrophobic solid substrate with micro- or nanoscale roughness, su-
perhydrophobic surface has proven to be effective in the reduction of flow resistance
of micro- and nanoflows. The motivation for investigating the reduction in flow re-
sistance in microflow over superhydrophobic surfaces and some relevant information
on this research work will be introduced in this chapter.
1.1 Superhydrophobic surface
Superhydrophobic surface was originally inspired by the unique water repellent prop-
erties of the lotus leaf [Que´re´ and Reyssat, 2008] which possesses nano- or micro-sized
protrusions (Figure 1.1), thus acting like surface roughness elements. A solid surface
is classified as superhydrophobic when the contact angle of a water droplet is almost
180o and the contact angle hysteresis approaches 0o. One effective approach which
has been recently proposed is the use of superhydrophobic surfaces for reducing the
flow resistance through microfluidic devices.
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Figure 1.1: Water droplets rest on the lotus leaf which possesses the nano- or micro-sized pro-
trusions [MacQueen, 2010].
1.1.1 Hydrophobic surface
Wetting describes the manner in which a liquid droplet rests on a solid substrate.
The contact angle is used to measure the degree of wetting. Based on the mechanical
equilibrium of the contact line which separates the three phases of gas (g), liquid (l)
and solid (s), Thomas Young defined the contact angle θo as
γlg cos θo = γsg − γsl (1.1)
where γlg, γsg and γsl denote the interfacial tension between the three phases, re-
spectively, which is shown in Figure 1.2. A contact angle θo less than 90
o indicates
that wetting of the solid substrate by the liquid is favorable. The solid substrate is
thus classified as hydrophilic (the left picture in Figure 1.2), such as a clean glass
surface. If the contact angle is larger than 90o, the solid substrate is classified as
hydrophobic (the right picture in Figure 1.2) and a compact liquid droplet is formed
on the surface of the solid substrate. When the contact angle is greater than 150o,
i.e. for ultra- hydrophobic surfaces, there is almost no contact between the liquid
and the solid substrate.
Assuming the solid surface as perfectly flat and rigid, the contact angle θo is ex-
perimentally determined to indicate the degree of wetting. However, in contrast
to this ideal scenario, real solid surfaces are rough and finitely rigid. For a liquid
2
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Figure 1.2: Schematic depicting the contact angle, hydrophilic surface and hydrophobic surface.
Figure 1.3: Schematic depicting the advancing contact angle θA, receding contact angle θR and
the contact angle hysteresis θA-θR
film flowing along these surfaces, the contact angle may locally vary from an ad-
vancing contact angle θA to a receding contact angle θR which is shown in Figure
1.3. Contact angle hysteresis is described as the difference between the advancing
contact angle θA and receding contact angles θR. Recently, artificially synthesized
hydrophobic surfaces have been developed with the contact angle approaching 180o
and no observable contact angle hysteresis [Gao and McCarthy, 2006].
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Figure 1.4: Schematic depicting the Wenzel state (full wetting) and Cassie state (partial wetting).
1.1.2 Wetting of textured surface
Wetting is characterized by the contact angle, and hydrophilic and hydrophobic
surfaces are thus termed to identify the wetting nature of the solid substrate. In
addition, from another point of view, depending on whether the texture of the solid
surface is homogeneous or heterogeneous, wetting can be divided into full and partial
wetting.
A homogeneous (or fully) wetting regime, also known as the Wenzel state (the left
picture in Figure 1.4), occurs when the liquid fills in the roughness voids or cavities
of the solid substrate. Due to the penetration of the liquid, the hydrophilicity
of the surface is enhanced by the increased contact area between the liquid and
solid substrate. However, in the Cassie state (the right picture in Figure 1.4), the
micro-scale or nano-scale roughness elements, in conjunction with the hydrophobic
solid substrate, prevent the flowing liquid from penetrating the voids between the
roughness elements, thus resulting in the formation of liquid-gas interfaces supported
by the roughness elements and achieving partial wetting. Such a surface is termed
as superhydrophobic.
In practical applications, superhydrophobic surfaces are fabricated by coating a thin
hydrophobic layer on a solid substrate and subsequently patterning the substrate
with a series of ribs and air cavities or grooves. Those voids or cavities filled with
4
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Figure 1.5: Schematic diagram depicting the no-slip and partial-slip boundary condition for
simple shear flow.
air bubbles prevent the flowing liquid from wetting the inside of the grooves which
is in the Cassie state. There is a concomitant reduction in the effective wetting
area between flowing liquid and the solid substrate, thus culminating in a potential
reduction in flow resistance.
1.2 Slip boundary condition
In the hydrodynamics, the no-slip boundary condition along a solid wall has been
conventionally applied for more than a century. In 1823, Navier proposed the concept
of the slip boundary condition and defined the ratio of slip velocity uslip and shear






According to Navier’s definition, experimental investigation of rarefied gas flow,
Maxwell predicted that the magnitude of the slip length arising purely from the
chemical interaction between the gas molecules and an untreated homogeneous solid
surface (specially known as the intrinsic slip) is on the order of several nanome-
ters, which is of the same order as the mean free path of gas molecules [Rothstein,
2010]. His prediction provides the basis for the employment of the no-slip bound-
ary condition for macroscopic flows for which the excessively small intrinsic slip
5
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length is negligible compared to the characteristic length scale of the flow. In other
words, when the Knudsen number which is defined as the ratio of mean free path of
molecule and characteristic length scale is infinitesimal, the no-slip boundary con-
dition can be applied for macroscopic flow without loss of accuracy. As flows in
micro- or nano-fluidic devices were used extensively, even though wall slip may be
important, applications which utilize this phenomenon to reduce flow resistance are
only limited to the vanishingly small intrinsic slip length of rarefied gases where the
continuum assumption breaks down. Other ideas and methods should be developed
to enhance the slip behavior so that the slip length may be of the same order as the
characteristic length scale of the flow.
Superhydrophobic surfaces are achieved by combining a hydrophobic solid substrate
with microscale roughness elements patterned on the substrate. When micro- and
nano- flows pass through such surfaces, the continuum assumption is still valid,
but the surface tension comes into play a critical role. The flow resistance may
potentially be reduced due to the decreased wetted contact area between the solid
surface and the flowing liquid. Also quantified by Navier’s notion, in the laminar flow
regime, this ability arising from the slippage on the liquid-gas interface is modeled
as an effective or apparent slip length, which is distinct from the intrinsic slip due
to non-continnum effects. λ is still denoted to quantify the resulting reduction in
flow resistance. When the Capillary number (viscous force versus surface tension
effect) is sufficiently small [Hyvaluoma and Harting, 2008], the liguid-gas interface
maintains as a perfect circular shape. The air flow inside the cavities between
roughness elements is ignored and the liquid-gas interface is assumed to be shear-
free as simplifying the multiphase flow to be a single phase model.
1.3 Motivations
With the rapid advancement of the global economy, ever-increasing energy con-
sumption and requirements have become key challenges in present world. In 2008,
the total worldwide energy consumption was estimated to be over 130, 000 TeraWatt
hours, which is almost equivalent to the power use of 2×1010 horse power. Recently,
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the international energy outlook 2013 released by the U.S. Energy Information Ad-
ministrator projects that over the next 30 years, the global energy consumption will
increase by 56% due in large part to the strong and long-term economic growth.
Even though the alternative forms of energy sources, such as renewable energy and
nuclear power, grow by 2.5% per year, fossil fuels supply almost eighty percent of
the global energy use. But its resulting global warming emissions, pollution, as well
as great energy loss become new environmental problems. For example, the carbon
dioxide emissions discharged by the industry which is the largest energy consump-
tion sector are predicted to grow by 46% between 2010 and 2040, under the current
regulations and policies on the use of fossil fuel. However, over these three decades,
a 75% decrease in carbon emissions should be demanded in order to limit a two
degree Celsius rise in the global temperature. These issues all encourage less en-
ergy consumption and also more efficient use of existing energy sources. In other
words, feasible technologies and approaches for decreasing energy consumption and
increasing the efficiency of energy usage are of utmost importance.
When flow over the solid substrate, the fluid experiences friction in terms of flow
resistance or drag. Reduction in flow resistance has an enormous practical utility,
especially considering the prominence of ocean transport. As an example, the Port
of Singapore is one of the busiest portS in the world for container throughput and
handling more than 130,000 vessels a year. Over the years, people were in search
of feasible ways including compliant wall, riblets, polymer additives or surfactant
injection and bubble to manage the unfavorable existence of flow resistance. For
fluid through micro- and nanosystems, also known as microfluidics and nanofluidics,
respectively, the flow behavior differs from the fluid through conventional macro-
scale systems, in that physical phenomena such as surface adhesion, diffusion and
fluid resistance begin to dominate the fluid dynamics. Microfluidics and nanofluidics
have increasingly found extensive applications in biology, chemistry, physics and en-
gineering. Cases in point, single cell or swimming bacteria capturing in biology,
experimental observations of photoelectric effects employing opt-fluidics technology
in physics, the protein crystallization in chemistry. These applications employ the
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active microfluidics which refers to the precise control and manipulation of the work-
ing fluid by microvalves or pumps. For instance, using for dosing, micropumps are
used to drive the continuous liquid flows, as well as microvalves are employed to de-
termine the flow direction. However, to control or manipulate such tiny volumes of
fluids, the pressure drop requirements are enormous. Maintaining a given volumetric
flow rate through these devices at the microscale becomes increasingly challenging as
the size of the devices is reduced (|∇P | ∼ 1/a4, where a is the characteristic length
scale of fluidic devices) [Davis and Lauga, 2009]. It is therefore crucial to devise
novel and practical solutions for reducing the extreme pumping power requirements
for driving the liquid flow against friction in micro- and nanofluidic applications.
1.4 Research focuses and outline of the thesis
This thesis explores the reduction of flow resistance pertaining to flows over super-
hydrophobic surfaces in both the laminar and turbulent flow regimes. Systematic
parametric investigations (such as microgroove pattering, bulk flow geometry) are
carried out both analytically and numerically to quantify the reduction in flow re-
sistance arising from the use of superhydrophobic surfaces.
The thesis is organized into seven chapters:
Chapter 1 introduces the motivation for performing research on reducing flow re-
sistance through micro- and nano-devices by employing superhydrophobic surfaces.
Subsequently, some basic information and definitions regarding superhydrophobic
surfaces and effective slip behavior are provided. Lastly, the main research focuses
and outline of this thesis are presented to provide a global view of the thesis.
Chapter 2 reviews previous experimental, analytical and numerical works available
in the literature which investigate the reduction of flow resistance for flow past
superhydrophobic surfaces.
In Chapter 3, the effects of interface deformation on the effective slip behavior for
Poiseuille flow through microtubes employing superhydrophobic surface patterned
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with longitudinal ribs and grooves are explored both analytically and numerically.
Comparisons are drawn with the effective slip behavior of channel flows over the
same superhydrophobic configurations.
Chapter 4 presents numerical simulation results for the effective slip behavior of flow
through micro-devices containing superhydrophobic surfaces with alternating trans-
verse ribs and grooves in the presence of a liquid-gas interface deformation. Com-
parisons are made with the effective slip performance of flow past superhydrophobic
surfaces containing longitudinal ribs and grooves, which have been analyzed in the
preceding Chapter 3.
Chapters 5 and 6 focus on turbulent flows through channels containing superhy-
drophobic surfaces. Direct numerical simulations (DNS) are carried out to inves-
tigate the reduction in flow resistance arising from the use of superhydrophobic
surfaces containing alternative transverse and longitudinal ribs and grooves at the
friction Reynolds number Reτ = 180. Assuming a flat shear-free liquid-gas interface,
the dependence of the decrease in flow resistance on microgroove topography and
configuration is analyzed in detail. Combining quantitative numerical simulation re-
sults with qualitative numerical flow visualizations, the corresponding turbulent flow
properties and flow structures which are intimately related to the reduction in flow
resistance associated with superhydrophobic surfaces are examined and analyzed.
In the final Chapter 7, conclusions of these studies and suggestions for future works
are given. It is from these investigations that the hydrodynamic characteristics





The lotus leaf whose surface contains nano- or micro-sized protrusions is well known
for its self-cleaning property. To mimic the unique water repellent characteristics
of the lotus leaf, superhydrophobic surfaces have been developed using micro- and
nano-fabrication techniques for potentially reducing the flow resistance of micro- and
nanoflows past solid surfaces. Superhydrophobic surfaces are fabricated by ptterning
a series of surface protrusions (such as ribs, posts, etc.) on the substrate and then
coating the surface with a thin hydrophobic layer, such as fluorinated or silicon
compunds, of low surface free energy. Air cavities or voids thus form in between
these protrusions when a liquid flows past the patterned surface, as surface tension
prevents the liquid from fully penetrating and wetting these cavities or voids. The
liquid-gas interfaces which form thus constitute regions of almost perfect slip. There
is consequently a decrease in the frictional or wetted contact area between the solid
surface and the flowing liquid, thus potentially culminating in a reduction in flow
resistance. This reduction in flow resistance is typically quantified by Navier’s notion
of an effective slip length. Schnell [1956] measured the flow rate in hydrophobically-
treated capillaries and found an increase in flow rate, which serves as an evidence of
slippage associated with the use of hydrophobic surfaces that leads to a reduction
in flow resistance. The potential use of superhydrophobic surfaces for reducing flow
resistance in micro- and nanofluidics applications has been thoroughly investigated
by numerous researchers.
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Figure 2.1: The schematic depicting the models investigated by Lauga and Stone [2003] on the
pressure-driven pipe flow with the combination of slip-stick boundary conditions. (a) The liquid-
gas interfaces are transverse to the flow direction. (b) The liquid-gas interfaces are longitudinal to
the flow direction.
2.1 Effective slip behavior of Laminar flow over
Superhydrophobic surfaces
2.1.1 Absence of liquid-gas interfaces deformation
Assuming an ideal undeformed or flat liquid-gas interface, a considerable amount of
theoretical and numerical studies have been carried out to investigate the effective
slip behavior of the use of superhydrophobic surfaces.
2.1.1.1 Analytical solutions
Philip [1972a] might have been the first to derive analytical solutions for longitudinal
slots with the interface subjected to stick-slip boundary conditions. He used the
conformal mapping method and solved the governing bi-harmonic equations. It
is shown that for fully developed laminar flow through a circular tube patterned
with periodic no-slip walls and shear-free slots oriented longitudinally to the flow
11
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where δ is the shear-free fraction, L is the non-dimensional periodic spacing normal-
ized by the circular tube radius. Continuing the analysis of Philip [1972a], Lauga and
Stone [2003] obtained analytical solutions for pressure-driven Stokes flow through
superhydrophobic circular tubes containing grooves and ribs arranged transversely
and longitudinally to the flow direction. Figure 2.1 shows the schematic models
studied by Lauga and Stone [2003]. For the longitudinal configuration in Figure
2.1 (b), they deduced the analytical solution based on the previous work of Philip
[1972a]. Moreover, for the transverse configuration in Figure 2.1 (a), they deduced










Teo and Khoo [2009] presented analytical solutions for Stokes flow through rectan-
gular cross-section microchannels employing superhydrophobic surfaces with alter-
nating grooves and ribs, assuming flat liquid-gas interfaces with shear-free bound-
ary conditions along the interfaces. They derived asymptotic relationships for the
normalized effective slip length corresponding to large and small limiting values of
the shear-free fraction and the normalized groove-rib periodic spacing. Detailed
comparisons have also been performed between transverse and longitudinal grooves
patterned on one or both channel walls. They also obtained analytical results for
microchannels containing superhydrophobic grooves oriented at an angle to the ap-
plied streamwise pressure gradient. In the analytical works of Philip [1972a], Lauga
and Stone [2003] and Teo and Khoo [2009], a single groove was arranged in each
periodic groove-rib combination. Crowdy [2011] analytically derived the effective
slip length for Stokes flow over superhydrophobic surfaces contained alternative lon-
gitudinal and transverse grooves, where an arbitrary number and width of grooves
were patterned for each period. By adopting a semi-analytical approach, Cottin-
Bizonne et al. [2004] explored the effective slip behavior for simple shear flow over
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flat superhydrophobic grooves oriented parallel and transversely to the flow direc-
tion. Based on the physical arguments, Ybert et al. [2007] derived scaling laws to
investigate the dependence of the overall effective slip length on the microfeature
patterning (such as grooves, square posts and holes) and generic surface character-
istics for Stokes shear flows. Based on the method of eigenfunction expansions, Ng
and his coworkers [Ng et al., 2010, Ng and Wang, 2009, 2010a,b, 2011] performed a
series of semi-analytical studies on the effective slip behavior of superhydrophobic
surfaces in the presence of an ideal undeformed or flat liquid-gas interface. Ng and
Wang [2009] considered the effects of the liquid-gas interfaces protruding into the
air cavities between grooves and developed a semi-analytical model for simple shear
flow over a grating containing alternative partial-slip ribs and perfect-slip grooves.
For the case of superhydrophobic grooves arranged parallel or perpendicularly to the
flow direction, the effective slip length as a function of geometric configuration and
the penetration depth of the liquid-gas interface was quantified in detail. Ng and
Wang [2010b] also investigated Stokes flow through a tube patterned with periodic
transverse grooves, and obtained analytical solutions for the effects of liquid-gas
interface protrusion depth on the effective slip behavior of the superhydrophobic
surfaces. Moreover, accounting for the effects of finite gas viscosity, the effective slip
length of a liquid-gas coupled model was analytically predicted by Ng et al. [2010].
Comparisons were also made with an ideal model which assumed that the liquid-gas
interface was shear free by neglecting the gas viscosity. Ng and Wang [2010a] ana-
lytically derived the effective slip length for microchannels patterned with shear-free
posts or holes (no-slip or partial-slip) with circular or square cross sections. Accord-
ing to their results, it is shown that an arrangement of pitch with larger extension
in spanwise direction than in streamwise direction gives rise to larger effective slip
length.
2.1.1.2 Numerical simulations
Apart from the previous analytical studies, many numerical simulations have also
been performed to predict the effective slip behavior of superhydrophobic surfaces.
Davies et al. [2006] carried out numerical studies to examine the reduction in flow
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resistance for a laminar flow through microchannels patterned with transverse su-
perhydrophobic grooves on channel walls. They accounted for the presence of the
gas trapped in the grooves using two different models. The first model assumes
the flat liquid-gas interface to be shear-free. The second model matches the shear
stresses and velocities in both the liquid and gaseous phases along the flat liquid-gas
interface. The effects of Reynolds number on the effective slip length were explored
in detail. Maynes et al. [2007] performed numerical simulations to quantify the ef-
fective slip length for flow through microchannels patterned with superhydrophobic
surfaces containing grooves oriented longitudinally to the flow direction. The veloc-
ities and shear stresses in both the liquid and gaseous phases were coupled along
the liquid-gas interface. Their results show that the shear-free interface assump-
tion employed by Philip [1972a], Lauga and Stone [2003] and Teo and Khoo [2009]
under-predicts the overall flow resistance, in comparison with the two-phase coupled
model. In addition, Cheng et al. [2009] explored the effects of Reynolds number on
the effective slip behavior of pressure-driven flows through microchannels patterned
with superhydrophobic surfaces containing grooves, square posts and square holes.
Their study extended the scaling laws previously derived by Ybert et al. [2007] for
simple shear flows to pressure-driven flows, even at high Reynolds numbers.
2.1.2 Presence of liquid-gas interfaces deformation
Laminar flow through microchannels or microtubes containing superhydrophobic
surfaces is anticipated to experience a significant reduction in flow resistance or
equivalently, a positive effective slip length, since the liquid-gas interfaces are treated
as shear free or partial-slip. All the studies reviewed in the previous section assumed
undeformed liquid-gas interfaces and yielded positive effective slip lengths. However,
accounting for the effects of interface deformation, the distinct effective slip behavior
has recently been documented in several studies.
2.1.2.1 Analytical predictions
Davis and Lauga [2009] investigated simple shear flow past superhydrophobic grooves
arranged transversely to the flow direction, and analytically deduced that the flow
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Figure 2.2: Schematic diagram depicting shear flow over superhydrophobic surfaces patterned
with alternating ribs and grooves arranged transverse to the flow direction and the liquid-gas
interface protrusion angle.
resistance increases when the liquid-gas interface protrudes excessively into the liq-
uid phase in the low shear free fraction limit. The shape of the liquid-gas interface is
depicted in Figure 2.2 and is characterized by the interface protrusion angle θ which
corresponds to the included angle formed between the tangent line of the deformed
liquid-gas interface and the rib surface at the groove-rib junction where the interface
is pinned. The angle θ is positive when the meniscus bows towards the liquid phase,
and is negative when the interface deforms away from the liquid phase. Figure 2.3
shows the effective slip length normalized by the half-groove width as a function of
the interface protrusion angle θ. According to Figure 2.3, for small positive interface
protrusion angles θ (defined in Figure 2.2), the effective slip length firstly increases
with the increasing θ. However, when the angle θ is sufficiently large, the effective
slip length decreases abruptly before approaching zero at a critical protrusion angle
θc ≈ 65
o. For θ > θc, the effective slip length becomes negative, which physically
implies an increase in flow resistance of the superhydrophobic surface with respect
to the baseline no-slip flat surface. The analytical work of Davis and Lauga [2009]
highlights the important role due to liquid-gas interface curvature on the effective
slip behavior and hence the flow resistance mitigation performances of superhy-
drophobic surfaces. Following the work of Davis and Lauga [2009], Crowdy [2010]
performed similar analytical studies on the dependence of effective slip length on the
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Figure 2.3: The dimensionless effective slip length normalized by the half groove spacing plotted
against the interface protrusion angle. The empty and fill symbols present the results of Steinberger
et al. [2007] for shear-free fraction 68% and Hyvaluoma and Harting [2008] for shear-free fraction
43% respectively. The dash line and solid line show the corresponding results for shear-free fraction
43% and 68% derived by the analytical expression of Davis and Lauga [2009].
interface protrusion angle corresponding to a shear flow driven by a unit velocity gra-
dient in the far field over longitudinal superhydrophobic grooves in the small shear
free fraction limit. In contrast to transverse superhydrophobic grooves, for longi-
tudinal superhydrophobic grooves, the effective slip length increases monotonically
with increasing interface protrusion angle. Furthermore, Sbragaglia and Prosperetti
[2007] have performed a boundary perturbation analysis to investigate the effects
of interface curvature on the effective slip length in a pressure driven channel flow
with longitudinal grooves patterned on the channel bottom wall. They analytically
showed that interface curvature affects the velocity field and the cross-sectional area
of the flow passage. In addition, Ng and Wang [2011] have developed semi-analytical
models for Stokes flow over superhydrophobic surfaces containing two-dimensional
cylindrical or three-dimensional spherical protrusions to quantify the dependence of
the effective slip length on the interface protrusion angle, intrinsic slip condition of
the protrusion interface and flow direction. For simple shear flow driven by a unit
velocity gradient applied in the far field, they found that the effective slip length in-
creases monotonically with increasing interface protrusion angle for the longitudinal
configuration. For flow past the transverse configuration and three dimensional flow
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passes over spherical protrusions, they found that the critical interface protrusion
angle is approximately 65o and is independent of shear-free fraction. Their results
were consistent with the findings of Davis and Lauga [2009] and Crowdy [2010].
Moreover, Ng and Wang [2011] also derived phenomenological equations for the in-
terface protrusion angles at which the magnitude of the effective slip length attains
a maximum value.
2.1.2.2 Numerical studies
Consistent with the analytical predictions of Davis and Lauga [2009], in the pres-
ence of liquid-gas interface curvature, an increase in flow resistance corresponding to
negative values of effective slip length has also been documented in several computa-
tional studies [Hyvaluoma and Harting, 2008, Steinberger et al., 2007] involving shear
flows. Steinberger et al. [2007] conducted computational studies to investigate the
effects of the liquid-gas interface curvature on the effective slip length for superhy-
drophobic surfaces patterned with a square lattice of circular holes. For a shear-free
fraction of 68%, they predicted the critical interface protrusion angle at which the
effective slip length becomes zero to be approximately 62o. Hyvaluoma and Harting
[2008] performed computational studies on superhydrophobic surfaces containing
circular shear-free holes arranged on three different lattices: square, rectangular and
rhombic. For a shear-free fraction of 43%, Hyvaluoma and Harting [2008] employed
the Lattice Boltzmann Method (LBM) and obtained a critical interface protrusion
angle of about 69o. Figure 2.3 compares the dependence of the dimensionless ef-
fective slip length on the interface protrusion angle obtained by Steinberger et al.
[2007], Davis and Lauga [2009] and Hyvaluoma and Harting [2008]. The empty
and fill symbols correspond to the results of Steinberger et al. [2007] for shear-free
fraction 68% and Hyvaluoma and Harting [2008] for shear-free fraction 43% respec-
tively. The dash line and solid line show the corresponding results for shear-free
fraction 43% and 68% derived based on the analytical results of Davis and Lauga
[2009]. In Figure 2.3, it is shown that there is reasonably good agreement among
these results. Furthermore, Hyvaluoma and Harting [2008] also illustrated that the
effective slip length may be further reduced by the deformed interface protrusion
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Figure 2.4: The liquid-gas interface curvature governed by the depinned downstream contact line
[Gao and Feng, 2009].
arising from larger capillary numbers. Teo and Khoo [2010] further performed fi-
nite element computations to quantify the effective slip behavior for both shear flow
and pressure-driven flow through microchannels containing superhydrophobic sur-
faces patterned with longitudinal arrays of grooves and ribs. The effects of shear
free fraction, ratio of groove-rib periodic spacing to channel height and interface
protrusion angle were systematically quantified. Their results concluded that the
pressure-driven Poiseuille flow is more sensitive to the normalized periodic groove-
rib spacing, in comparison to the shear-driven Couette flow with the same interface
protrusion angle and geometric configuration. Employing a diffuse-interface model,
the dependence of effective slip length on interface curvature accounting for the ef-
fects of contact line depinning has been numerically studied by Gao and Feng [2009].
Figure 2.4 presents the liquid-gas interfaces with depinned downstream contact lines.
A significant enhancement in the effective slip length is found when the interface
protrudes into the liquid phase.
Apart from the continuum flow modeling, other computational techniques using
Molecular Dynamics (MD) or Dissipative Particle Dynamics (DPD) simulations are
useful for shedding light on the appropriate boundary conditions to be employed.
Cottin-Bizonne et al. [2004] employed MD simulations to study the effects of sur-
face patterning on the effective wall slip. For the MD approach, partial dewetting
exhibits the “superhydrophobic” state, and yields results which are consistent with
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those obtained from continuum flow modeling. Good agreement is observed be-
tween MD simulations and continuum flow modeling for low pressure differences
across the liquid-gas interface. Cottin-Bizonne et al. [2004] highlighted that the
shape of the liquid-gas interface should be considered for large pressure differences
across the interface when numerical simulations based on continuum hydrodynamics
are performed.
In view of the importance of interface curvature on the effective slip length as shown
by the above-mentioned numerical studies, it is essential to relax the ideal unde-
formed interface assumption to yield more realistic approximations for the effective
slip behavior.
2.1.2.3 Experimental investigations
In addition to theoretical and numerical studies, experimental investigations have
also been carried out to explore the possible reduction in flow resistance arising from
the use of superhydrophobic surfaces. Using a hot-film anemometer and a pressure
transducer, Watanabe et al. [1999] carried out experiments to measure the pressure
drop and the velocity profile of water flow through pipe with superhydrophobic walls.
A reduction in pressure drop requirements of up to 14% was obtained by integrating
the velocity profile in the laminar flow regime. By employing micro-Particle Image
Velocimetry (micro-PIV), Ou et al. [2004] performed a series of experiments to in-
vestigate the reduction in flow resistance of water through a series of microchannels
containing superhydrophobic surfaces with well-defined micro-sized surface rough-
ness elements. A reduction in pressure drop requirements of up to 40% and effective
slip lengths greater than 20µm were obtained for the channels containing superhy-
drophobic surfaces. A slip velocity of up to 60% of the average bulk velocity was
obtained along the air-water interface at the center of a groove, thus constituting a
primary evidence for the reduction in flow resistance arising from the slip velocity
along the interface. Their experimental data agrees qualitatively with the analytical
predictions of Philip [1972a], Lauga and Stone [2003] and Teo and Khoo [2009], thus
alluding the validity of the assumptions made regarding the shape of the liquid-gas
interface and shear-free boundary condition along the interface.
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Figure 2.5: The image of bending liquid-gas interface for water flow over the micropatterned
channel is obtained in the experiment of Tsai et al. [2009].
Several experimental studies have also documented the presence of interface curva-
ture effects. In the experimental works of Ou and Rothstein and their coworkers [Ou
et al., 2004, Ou and Rothstein, 2005] involving superhydrophobic surfaces consisting
of microposts spaced 30µm apart, the water-air interface was reported to protrude
by a distance of 2 to 4µm away from the liquid phase. Tsai et al. [2009] conducted
micro-Particle Image Velocimetry (micro-PIV) measurements on superhydrophobic
surfaces patterned with longitudinal grooves. The air-water interface was reported
to protrude away from the liquid phase by a distance equivalent to a quarter of
the groove width, as shown in Figure 2.5. Byun et al. [2008] performed experi-
mental measurements to investigate the effective slip performance of flow through
microchannels patterned with superhydrophobic grooves along the vertical walls. Su-
perb flow visualization pictures which document the transition from the dewetting
Cassie state to the wetting Wenzel state, as well as the effects of interface curvature,
were presented. Their experimental observations provide evidence for the presence
of curved liquid-gas interfaces. These findings illustrate the importance of interface
curvature effects on the effective slip behavior of superhydrophobic surfaces.
In addition, Truesdell et al. [2006] experimentally investigated the shear flow between
two cylinders. The inner stationary cylinder was patterned with superhydrophobic
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longitudinal grooves, whereas the outer cylinder was rotating so as to generate a
low Reynolds number shear flow. A reduction in flow resistance of up to 20% was
obtained. However, the effective slip length determined experimentally from their
measurements was 40 times larger than their corresponding numerical prediction,
which suggested that other important physical mechanisms had to be considered.
For most microflow over superhydrophobic surfaces, the characteristic length scale of
the microfeature ranges from microns to tens of microns. Choi et al. [2006] fabricated
a periodic superhydrophobic grating on the order of nanometers on a microchannel
wall and experimentally quantified the effective slip behavior and the corresponding
reduction in flow friction arising from the use of such nanoscale grating patterns. For
the nanoscale gratings arranged parallel to the flow direction, a noticeable effective
slip length of 100 − 200nm corresponding to a reduction in pressure drop require-
ments of 20%− 30% was reported. According to their measurements, it was found
that the nanoscale superhydrophobic patterns would control the slip in a direct way
as well as reduce the flow friction. In addition, Choi and Kim [2006] experimentally
investigated shear flow over superhydrophobic surfaces patterned with nanoposts
on the peripheral cylindrical plate in a cone-and-plate rheometer system, and ob-
tained effective slip lengths of 20µm and 50µm for water flow and 30wt% glycerin
respectively.
2.2 Reduction in flow resistance for turbulent flow
over superhydrophobic surfaces
The previous section has focused on the effective slip behavior of superhydrophobic
surfaces for laminar flows. Recently, some studies have also been conducted to
explore the reduction of flow resistance arising from the use of superhydrophobic
surfaces for turbulent flows.
2.2.1 Experimental studies
Assuming a flat liquid-gas interface, Woolford et al. [2009] conducted PIV mea-
surements on a turbulent channel flow containing walls patterned with alternating
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Figure 2.6: The schematic representation of drag decrease by the streamwise effective slip velocity
(a) and drag increase by the spanwise effective slip velocity (b) explained by Min and Kim [2004].
superhydrophobic longitudinal as well as transverse grooves and ribs for Reynolds
number values up to 10000. For the longitudinal and transverse configurations, cor-
responding to a shear-free fraction δ = 0.80, a decrease of 11% and an increase of
6.5% were observed, respectively, for the friction factor. In a separate study using
PIV, Daniello et al. [2009] experimentally quantified the decrease in the pressure
drop requirements for driving the flow, in conjunction with the slip velocity and
shear stress, for the purpose of investigating the reduction in flow resistance for
turbulent flow past longitudinal superhydrophobic grooves and ribs. Their measure-
ments of slip velocity at the wall demonstrated that the reduction in flow resistance
could be attributed to the presence of the almost shear-free interface. Moreover,
when the spacing between the micro-features is larger than the turbulent viscous
sublayer thickness, they deduced that the percentage reduction in flow resistance
would asymptote towards the shear-free fraction of the superhydrophobic surface.
A maximum pressure drop reduction of 50% was obtained for their superhydropho-
bic surface with a shear free fraction of 50% at a relatively high Reynolds number,
which was consistent with their hypothesis.
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2.2.2 Numerical predictions
In addition to the experimental measurements which provide detailed information
pertaining to the effective slip properties such as slip velocity, pressure drop require-
ments and shear stress distribution; numerical simulations have also been employed
as a workhorse by several researchers for exploring the effective slip behavior of tur-
bulent flows over superhydrophobic surfaces. Employing an effective slip boundary
condition along the streamwise and spanwise directions, respectively, Min and Kim
[2004] carried out Direct Numerical Simulations (DNS) of turbulent flow through a
channel containing superhydrophobic surfaces. They concluded that streamwise ef-
fective slip decreases the flow resistance, in contrast to spanwise effective slip which
increases the flow resistance. This has been schematically depicted in Figure 2.6.
The modifications of near-wall streaky structures visualized using the contours of
the streamwise vorticity were shown to schematically represent the decrease and
increase in flow resistance corresponding to streamwise and spanwise effective slip,
respectively. Using the same boundary conditions as Min and Kim [2004], Fukagata
et al. [2006] numerically predicted the reduction in flow resistance arising from the
use of superhydrophobic surfaces for turbulent flows. According to their analysis,
they suggested that drag reduction by the use of hydrophobic surfaces is possi-
ble at large Reynolds numbers. Moreover, Martell et al. [2009, 2010] numerically
investigated the effects of superhydrophobic surface micro-feature topography on
the reduction in flow resistance for various Reynolds numbers Reτ = 180, 395 and
590. The topographies investigated include longitudinal grooves, transverse grooves
and square arrays of square posts. For the same micro-feature configuration, their
results showed general agreement with the experimental results of Daniello et al.
[2009]. The distributions of mean velocity, velocity fluctuations, Reynolds shear
stresses and instantaneous flow field were discussed at length. For a given ratio of
micro-rib width to micro-groove width, they found that posts perform better than
ridges in the reduction in flow resistance, in view of the larger shear-free fraction
corresponding to the post topography for the range of Reynolds numbers investi-
gated. In addition, combining the independent streamwise and spanwise effective
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slip lengths in a wide range, Busse and Sandham [2012] parametrically investigated
the reduction in flow resistance for superhydrophobic surfaces at Reτ = 180 and
360 using direct numerical simulation. However, the constant effective slip length
boundary condition is only valid for moderate shear rates. They further suggested
that a nonlinear effective slip length boundary condition which depends on the local
shear rate should be derived and employed for the future works.
2.3 Recapitulation of the contributions of this work
In Chapter 3 and 4, the effects of interface deformation on the effective slip behavior
for Poiseuille flow over superhydrophobic surfaces containing alternative longitudinal
and transverse grooves and ribs will be investigated both analytically and numer-
ically. The parametric (bulk flow geometry, microgrooves configuration, Reynolds
number effects etc.) dependence of effective slip length in the presence of interface
deformation will be quantified at length. These works may also be viewed as exten-
sional of works of Lauga and Stone [2003] who analytically quantified the effective
slip behavior of Poiseuille flow over superhydrophobic surfaces patterned with alter-
native longitudinal and transverse grooves in the absence of interface deformation.
Many studies have been conducted to explore the reduction in flow resistance by the
employment of superhydrophobic surfaces for turbulent flows. However, the phys-
ical mechanisms responsible for the reduction in flow resistance arising from the
use of superhydrophobic surfaces are still not well understood. Direct Numerical
Simulations (DNS) will be performed to investigate the reduction in flow resistance
for turbulent flows over superhydrophobic surfaces containing alternating micro-
grooves and ribs. A systematic study will be conducted to investigate the effects of
micro-groove configuration. Turbulent flow through channels containing alternative
superhydrophobic transverse and longitudinal grooves will be investigated in Chap-
ters 5 and 6. The corresponding turbulent flow properties and flow structures which
are possibly responsible for the reduction in flow resistance will be explored at a
Reynolds number of Reτ = 180.
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This chapter1 presents analytical and numerical results for Poiseuille flow through
microtubes patterned with superhydrophobic surfaces which consist of alternating
ribs and grooves aligned longitudinally to the flow direction. The superhydrophobic
surface prevents the flowing liquid from penetrating the grooves and the liquid-gas
interface experiences deformation as a consequence of a pressure difference across
the interface. Employing a domain perturbation technique, the effects of a small in-
terface deformation on the effective slip behavior will be explored analytically. The
effects of large interface protrusions on the effective slip behavior will also be inves-
tigated numerically. Comparisons will be made between the effective slip behaviors
for tube and channel flows with superhydrophobic surfaces containing longitudinal
grooves to elucidate the effects of flow geometry and wall confinement. This work
1This study has been published as:
Wang, LP and Teo, CJ and Khoo, BC (2013). Effects of interface deformation on flow through
microtubes containing superhydrophobic surfaces with longitudinal ribs and grooves. Microfluidics
and Nanofluidics,18(3):375–390.[Wang et al., 2013].
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longitudinal grooves
may also be viewed as an extension of the work of Lauga and Stone [2003] who
analytically quantified the effective slip behavior of Poiseuille flow through super-
hydrophobic microtubes containing longitudinal grooves in the absence of interface
deformation.
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3.1 Analytical principles and numerical methods
The wall of the microtube is patterned with an integral number of periodic grooves
and ribs aligned parallel to the flow direction and the flow geometry is depicted
in Figure 3.1. The integral number of groove-rib periods in the circumferential di-
rection is q and the dimensional tube radius is R˜ (all dimensional quantities are
indicated with tildes). The close-up in Figure 3.1 shows one periodic sector of the
tube flow, where the two inclined bold double dot-dash lines indicate the extent of
each periodic circumferential section. The circumferential length of each groove-rib
periodic arc is E˜ = 2piR˜/q, whereas the arc length of each shear-free groove is e˜,
corresponding to subtended angles of 2αE˜ and 2αe˜, respectively. The shear free
fraction is thus δ = e˜/E˜. All geometric dimensions will subsequently be normalized
using R˜, yielding non-dimensional geometric quantities such as R = 1, E = 2piR/q
(non-dimensional quantities do not have tildes to distinguish them from their di-
mensional counterparts). Apart from the shear free fraction δ, one other salient
Figure 3.1: Schematic diagram depicting the microtube configuration containing superhydropho-
bic surfaces which consist of alternating grooves and ribs aligned parallel to the streamwise flow
direction and the close-up of one circumferential periodic rib-groove sector.
dimensionless geometric parameter is L = E/R = 2pi/q. The liquid-gas interface or
contact line is assumed to be pinned at the sharp corners of the ribs. θ represents
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the protrusion angle of the deformed interface, which corresponds to the included
angle made between the tangent line T∗ to the deformed liquid-gas interface and
the tangent line T to the tube circumference at the rib corner where the interface is
pinned. The angle θ is positive when the meniscus deforms towards the liquid phase,
and is negative when the interface deforms away from the liquid phase (as shown in
Figure 3.1 where the shaded blue region represents the increased flow cross-sectional
area arising from interface deformation with respect to the original tube profile).
Figure 3.2: Schematic diagram depicting the microchannel configuration containing superhy-
drophobic surfaces which consist of alternating grooves and ribs aligned parallel to the streamwise
flow direction and the close-up of one periodic rib-groove combination.
Figure 3.2 depicts one periodic unit of the microchannel flow with both walls con-
taining superhydrophobic longitudinal grooves. The full-channel height is H˜, the
groove-rib period is E˜ and the width of each groove is e˜. The normalized periodic
spacing of each groove-rib combination is L = E/(H/2) and the shear free fraction
δ = e˜/E˜. The protrusion angle of the deformed interface pinned at the rib corner is
still denoted by θ. The patterned surface for both geometries is assumed to maintain
a dewetted (Cassie or fakir) state, and the Knudsen number of the flow is assumed
to be negligible. Due to the binary mixture of liquid and gas, the Cahn-Hilliard
equation which describes the process of phase separation should be sovled to derive
the profile of liquid-gas interface [Gao and Feng, 2009]. To simplify the multiphase
model, in this work, the liquid-gas interface is prescribed as a perfect circular shape
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governed by Young-Laplace equation for vanishingly small Capillary number and
the air flow inside the cavities between roughness elements is to be ignored.
The flow is assumed to be steady, incompressible and fully developed. The governing
equation for the tube flow is expressed using a cylindrical coordinate system (r, α, z)
with the only non-zero component of the velocity vector w˜ along the streamwise z-
direction. For the pressure-driven Poiseuille flow, the normalized streamwise velocity




















where µ is the liquid dynamic viscosity, and |dp˜/dz˜| is the magnitude of the applied
streamwise pressure gradient.
Several boundary conditions are satisfied simultaneously. The natural boundary





Along the rib region (αe˜ < |α| < αE˜) on the tube wall, the no-slip boundary condi-
tion is imposed:
w(1, α) = 0, piδ/q < |α| < pi/q. (3.3)
Corresponding to the grooves (|α| ≤ αe˜), the curved liquid-gas interface which is a
family of streamlines as ∂w(r, α)/∂z = 0 is assumed to be shear-free:
~n · ∇w = 0 (3.4)
where ~n is the unit vector normal to the liquid-gas interface. Moreover, at r = 0,




For the pressure-driven flow through a microtube containing longitudinal superhy-
drophobic grooves, corresponding to one of the circumferential periodic sections, the
normalized volume flow rate Q and the effective slip length λ are related via
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(1− r2) is the standard velocity profile for Poiseuille flow through
a circular tube.
3.1.1 Analytical solutions for small interface deformations
The baseline(original tube profile) liquid-gas interface is assumed to have same radius
of curvature as the tube radius, i.e. R˜, which corresponds to a differential pressure
4p˜ (4p˜ = p˜l − p˜g) across it. An infinitesimal increase in the differential pressure
from 4p˜ to 4p˜∗ causes the dimensionless radius of curvature to decrease from R to












where γ is the surface tension coefficient. The deformation of the interface will in
turn affect the effective slip behavior of the superhydrophobic surface. Considering
the small interface deformation, the governing dimensionless perturbation parameter
resulting from the variation of pressure difference is ε = (∆p˜∗ −∆p˜) R˜/ (2γ)  1.
The interface protrusion angle θ and the dimensionless perturbation parameter ε
are related via θ = piδ/q − arcsin[(1 + 2ε) sin(piδ/q)]. A positive value of ε thus
corresponds to the liquid phase protruding into the air cavity (i.e., θ < 0) and vice
versa. The negative interface protrusion angle case (i.e., θ < 0, ε > 0) is presented
here as a typical case to derive the equation describing the shape of the deformed
interface C(r, α). An infinitesimal increase in the differential pressure results in a
shift in the center of curvature of the interface from (0, 0) to (2ε/ cos(piδ/q), 0). The
shape of the deformed interface C(r, α), which is still a circular arc, is thus given by
C(r, α) = r − 1 + εη (α) = 0, (3.8)
where η (α) = 2 (1− cosα/ cos (piδ/q)), and r − 1 = 0 corresponds to the shape of
the undeformed interface. The normalized streamwise velocity is expressed in terms
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of a regular perturbation series
w(r, α) = w0(r, α) + εw1 (r, α) + o (ε) . (3.9)












= 0, |α| ≤ piδ/q. (3.10)
Using a Taylor-series expansion in terms of ε, the streamwise velocity w(r, α) is
expanded as
w(r, α) = w(1, α) + (r − 1)
∂w(1, α)
∂r
+ o (r − 1)
= w0(1, α) + εw1 (1, α) + (−εη(α))




about baseline profile r = 1. Subsequently, derived from Equation (3.10), the fol-
lowing boundary conditions along each circumferential groove will be satisfied for
velocity w(1, α) as (|α| ≤ αe):
∂w0 (1, α)
∂r











, |α| ≤ piδ/q. (3.13)
The zero-th and first order velocity w0 (r, α) and w1 (r, α) can be expressed in terms
of finite Fourier series satisfying their respective boundary conditions. By invoking
the stick-slip boundary conditions along each rib-groove combination, the unknown
Fourier coefficients can be written in terms of dual series equations. Applying the
solution techniques well documented elsewhere [Lauga and Stone, 2003, Sbragaglia
and Prosperetti, 2007, Teo and Khoo, 2009], a linear system of equations can be
obtained to solve for the Fourier coefficients.
Furthermore, the perturbation series for both the volume flow rate and effective slip
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length arising as a consequence of the perturbed velocity may be written as:
























w0 (r, α) rdrdα =
pi
8q

























After the zero-th and first order velocity terms w0 and w1 are determined by solving





1 can thus be evaluated. Physically, λ0 quantifies the effective
slip length corresponding to the baseline shear-free liquid-gas interface, whereas λ
(1)
1
denotes the contribution due to the perturbed velocity term w1, and λ
(2)
1 represents
the effect resulting from the unperturbed velocity w0 in the presence of the deformed
interface [Sbragaglia and Prosperetti, 2007].
3.1.2 Numerical methodologies for large interface deforma-
tions
Assuming a sufficiently small capillary number, the deformed interface still assumes
the shape of a circular arc due to surface tension effects. When the liquid phase
protrudes into the vapor cavities (θ < 0◦), the normalized radius of curvature of
the deformed interface becomes sin(piδ/q)/ sin(piδ/q− θ) and its center of curvature
shifts radially outwards by cos(piδ/q) − sin(piδ/q)/ tan(piδ/q − θ). When the liquid
phase deforms away from the vapor cavities (θ > 0), the normalized radius of curva-
ture of the deformed interface is sin(piδ/q)/ sin(θ− piδ/q)and its center of curvature
shifts radially outwards by cos(piδ/q) + sin(piδ/q)/ tan(θ − piδ/q). For sufficiently
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large finite interface deformations where the perturbation method employed in the
previous section is no longer valid, the Partial Differential Equation (PDE) Toolbox
in MATLABTM (The Mathworks, Natrick, MA) is employed to solve the momentum
Equation 3.1 with the associated boundary conditions using a finite element solver.
The PDE solving process is divided into three steps. First, the flow domain is defined
and the corresponding boundary conditions are imposed along each boundary. Next,
triangle meshes are generated within the flow domain. During the process of mesh
generation, it is imperative to ensure that the results are mesh-independence. In
general, a total of 300, 000 triangular elements were found to yield sufficiently accu-
rate results, as doubling the number of elements caused the final results (the effective
slip length) to vary by less than 1%. Lastly, the normalized effective slip length was
calculated via the normalized volume flow rate which was in turn obtained from the
velocity distribution.
For the validation of the computational schemes, comparisons are first made between
our numerical results and previously available analytical solutions [Crowdy, 2010,
Teo and Khoo, 2010] for small shear free fraction (in the dilute limit) as L →
0. The percentage error between the perturbed analytical solutions and numerical
results for a wide range of protrusion angles is subsequently evaluated to examine the
range of geometric parameters over which the domain perturbation method yields
sufficiently accurate results. Relaxing the assumption of low shear free fraction
and infinitesimal L, numerical studies are performed to predict the effects of large
interface deformations on the effective slip behavior.
3.2 Results
3.2.1 Normalized effective slip length for the small interface
deformation
Figure 3.3 shows the normalized zero-th order effective slip length λ0/(δe) as a
function of the ratio L = E/R = 2pi/q for Poiseuille flow through a microtube
patterned with superhydrophobic longitudinal grooves. Since the number of period
















Figure 3.3: The normalized zero-th order effective slip length λ0/(δe) as a function of L for
Poiseuille flow through a microtube (symbols) and microchannel (solid lines) containing super-
hydrophobic longitudinal grooves. The analytical asymptotic solutions [Lauga and Stone, 2003,
Philip, 1972a, Teo and Khoo, 2009] (dot dash line) for infinitesimal L are also shown.
flow, but instead takes on discrete values with a maximum value of pi. The analytical
asymptotic normalized effective slip length [Lauga and Stone, 2003, Philip, 1972a,
Teo and Khoo, 2009] for infinitesimal L = E/(H/2) and λ0/(δe) as a function of L
for Poiseuille flow through a microchannel employing superhydrophobic longitudinal
surfaces on both channel walls (solid line) are also presented. Results are shown for
three values of shear free fraction δ = 0.25, 0.50 and 0.75. The figure shows that













For flow through a microtube in the limit of L→ 0 where the normalized period E
is sufficiently small (or equivalently the number of groove-rib period q is infinitely
large), λ0/(δe) only depends on δ. In this limit, corresponding to the microchannel
flow (where the channel walls become infinitely far apart relative to the groove-rib
periodic spacing), for the same shear free fraction δ, λ0/(δe) approaches the same
asymptotic limit as the tube flow, which reveals that λ0/(δe) is independent of the


















Figure 3.4: The normalized first order effective slip length λ(1)1 /(δe) as a function of L for
Poiseuille flow through a microtube (symbols) and microchannel (solid lines) containing superhy-
drophobic longitudinal grooves. The analytical asymptotic solutions [Sbragaglia and Prosperetti,
2007] (dot dash line) for infinitesimal L are also shown.
large, the effects of flow geometry and wall confinement effects become increasing
important. For the tube flow, corresponding to a fixed value of δ, λ0/(δe) remains
almost constant over the entire range of allowable values. In contrast, for the channel
flow, wall confinement effects become increasingly domain and λ0/(δe) increase away
from the asymptotic limit when L ∼ O(1).
Figure 3.4 shows results for the first order correction λ
(1)
1 to the effective slip be-
havior arising from the perturbed velocity component w1 for Poiseuille flow through
microtubes (symbols) and microchannels (solid line) containing superhydrophobic
longitudinal grooves. Similar to λ0/(δe), for the same shear free fraction δ, λ
(1)
1 / (δe)
asymptotes to a constant negative value (dot dash line) as L → 0, independent of
the flow geometry.The functional form of this first order asymptotic limit has previ-











(1− cos x) (pi2δ2 − x2)
cosx− cos(piδ)
dx (3.20)
in the limit as L → 0. The negative values of λ
(1)


















Figure 3.5: The normalized first order effective slip length λ(2)1 /(δe) as a function of L for
Poiseuille flow through a microtube (symbols) and microchannel (solid lines) containing superhy-
drophobic longitudinal grooves.
velocity profile due to interface deformation ∆p˜∗ > ∆p˜ results in a negative correc-
tion to the zero-th order effective slip length λ0/δe. The magnitude of the negative
correction increases with increasing shear free fraction δ. For moderate to large
values of L, the effects of flow geometry start to become important once again. Cor-
responding to the tube flow, for sufficiently large L values and for a given value
of δ, λ0/δe is approximately independent of L, but λ
(1)
1 /δe decreases precipitously
with increasing L for L >∼ O(0.1). Corresponding to the channel flow, for the same
shear free fraction δ, λ
(1)
1 /δe increases precipitously above the low L asymptotic limit
when L >∼ O(0.1), becoming positive for sufficiently large values of L.
As a consequence of interface deformation, there is a modification in the effective
flow cross sectional area (blue region depicted in Figure 3.1) relative to the baseline
configuration. λ
(2)
1 represents the contribution to the effective slip length from the
unperturbed velocity w0 in the presence of the deformed interface C(r, α). Figure
3.5 demonstrates λ
(2)
1 /(δe) has a positive influence on the effective slip length when
∆p˜∗ > ∆p˜. This enhancement is seen to be stronger for the tube geometry with
larger shear free fractions at larger values of L. This notion is consistent with previ-
ous observations that the effective slip properties area independent of the bulk flow
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geometry, and only dependent on the local details of the patterned superhydrophobic
geometry (such as δ and E).
3.2.2 Normalized effective slip length for large interface de-
formations
The domain perturbation technique employed in the previous section is anticipated
to yield sufficiently accurate results for the effective slip properties in the presence of
small interface deformations. However, for sufficiently large interface deformations,
numerical techniques have to be utilized to ascertain the effective slip properties.
In their endeavor to overcome the small interface deformation assumption, Teo and
Khoo [2010] studied the effect of large interface protrusion on the slip behavior of
microchannel flows containing superhydrophobic longitudinal grooves on one channel
wall using Finite Element Method (FEM). A fifth order polynomial curve fit was




≈ 0.00496θ5 + 0.01234θ4 + 0.01415θ3 + 0.03359θ2 + 0.08545θ + 0.39479. (3.21)
Equation 3.21 is valid in the limit of infinitesimal values of δ and L. Furthermore,
for shear flow over a longitudinal superhydrophobic surface, Crowdy [2010] derived
an analytical formula relating the normalized effective slip length λ/(δe) and the











In order to ascertain that our numerical simulations are independent of the mesh size
and the numerical methods employed, comparisons are made with Equations 3.21
and 3.22 for a sufficiently small shear free fraction δ of 0.1 in the limit as L → 0.
Figure 3.6 shows the normalized effective slip length λ/(δe) plotted against the
interface protrusion angle θ for δ = 0.1 and L = pi/100 for a Poiseuille flow through
a circular microtube patterned with superhydrophobic longitudinal grooves. The
analytical solution [Crowdy, 2010] (L→ 0, dot dash line) and numerical results [Teo
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Figure 3.6: The normalized first order effective slip length λ/(δe) for different interface protrusion
angles θ corresponding to δ = 0.1 and L = pi/100 for the Poiseuille tube flow. The analytical
solution [Crowdy, 2010] (L → 0, dot dash line) and numerical results [Teo and Khoo, 2010] (L =
0.04, solid line) corresponding to a channel flow for the same shear free fraction δ of 0.1 are also
shown.
and Khoo, 2010] (L = 0.04, solid line) for Poiseuille flow through a microchannel
containing superhydrophobic longitudinal grooves on channel bottom wall at the
same shear free fraction δ = 0.1 are also shown. As can be observed from Figure 3.6,
the current results for the tube flow exhibit excellent agreement with the previous
channel flow results, thus indicating the validity of the computational schemes.
Referring to the results obtained using the FEM, it is insightful to note the range of
applicability for the previous analytical results obtained using the domain perturba-
tion technique. Figure 3.7 shows the percentage error between the numerical results
and the asymptotic solutions obtained using analytical expression 3.15 correspond-
ing to L→ 0 and for the shear free fraction δ = 0.25, 0.50 and 0.75. It can be seen
that the percentage error is less than 10% for the investigated shear free fractions
corresponding to the interface protrusion angle −90o < θ < 45o. Even for the rela-
tively large shear free fraction δ = 0.75, the percentage error is approximately 50%
for a large protrusion angle θ of 90o. These investigations demonstrated that the
analytical perturbation results are valid for a reasonable wide range of protrusion
angle θ in the vicinity of θ = 0o. In other words, the higher order terms in Equation
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Figure 3.7: Percentage errors in normalized effective slip length between the analytical perturba-
tion solutions and the numerical FEM results for various interface protrusion angles θ in the limit
as L→ 0 for various shear free fractions δ.













Figure 3.8: The normalized effective slip length λ/(δe) for different interface protrusion angles
θ at δ = 0.25, 0.50 and 0.75 in the limit as L → 0. The numerical results (solid line, L = 0.04)




3.15 can no longer be neglected for large protrusion angle beyond 45o. According
to Teo and Khoo [2010], for flow through a microchannel patterned with superhy-
drophobic longitudinal grooves on the bottom wall, the percentage difference does
not exceed 56% over the entire range of θ for δ up to 0.9 at L = 0.04. Combining
the percentage error for both tube and channel flow geometries, it can be seen that
the domain perturbation method yields reasonable accurate results for the effects of
interface deformation when L is sufficiently small.
The effects of shear free fraction δ and interface protrusion angle θ on the nor-
malized effective slip length for Poiseuille flow through a microtube patterned with
superhydrophobic longitudinal grooves are investigated. The normalized groove-rib
periodic spacing L is held fixed at a relatively small value of pi/100 and 0.04 for
tube flow (symbols) and channel flow (solid line), respectively. Computational re-
sults for the normalized effective slip length λ/(δe) are plotted versus the interface
protrusion angle θ in Figure 3.8 for shear free fraction δ = 0.25, 0.50 and 0.75. For
infinitesimal values of L, corresponding to a fixed δ, it is evident that λ/(δe) in-
creases monotonously with increasing interface protrusion angle θ. Furthermore,
the relationships are found to be independent of the flow geometry. In contrast
to longitudinal grooves, a critical interface protrusion angle has been reported for
transverse grooves, where the effective slip length undergoes transition from positive
to negative values [Davis and Lauga, 2009]. As explained previously by Hyvaluoma
and Harting [2008], the protruding liquid-gas interface behave like roughness ele-
ments which enhance the flow friction as fluid flows past the transverse grooves.
However, for the case of longitudinal grooves, the straight and parallel streamlines
culminate in superior effective slip performance.
Next, the assumption of sufficiently small L should be relaxed. The effects of L,
δ and θ on the effective slip behavior for Poiseuille flow through a microtube and
a microchannel patterned with superhydrophobic longitudinal grooves will be crit-
ically analyzed. For the microchannel, it should be noted that superhydrophobic
longitudinal grooves are patterned on both the upper and lower walls of the channel.
Figures 3.9 to 3.11 show the dependence of the normalized effective slip length on
θ for three values of L (L = pi, L = pi/4 and L = pi/16) corresponding to three
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Figure 3.9: The normalized effective slip length λ/(δe) plots against interface protrusion angles
θ for L = pi, pi/4 and pi/16 at δ = 0.25 for microtube flow (symbols). The numerical results for
L → 0 at δ = 0.25 are shown in solid line as a reference (solid line). Numerical results for the
microchannel flow with the same δ and L values (dotted lines) are also presented.














Figure 3.10: The normalized effective slip length λ/(δe) plots against interface protrusion angles
θ for L = pi, pi/4 and pi/16 at δ = 0.50 for microtube flow (symbols).The numerical results for
L → 0 at δ = 0.50 are shown in solid line as a reference (solid line). Numerical results for the
microchannel flow with the same δ and L values (dotted lines) are also presented.
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Figure 3.11: The normalized effective slip length λ/(δe) plots against interface protrusion angles
θ for L = pi, pi/4 and pi/16 at δ = 0.75 for microtube flow (symbols).The numerical results for
L → 0 at δ = 0.75 are shown in solid line as a reference (solid line). Numerical results for the
microchannel flow with the same δ and L values (dotted lines) are also presented.
values of δ (0.25, 0.50 and 0.75). For a given value of δ, the normalized effective slip
length generally increases with increasing interface protrusion angle θ for small L,
but decreases with increasing θ for large L. For sufficiently large positive values of L
and δ, the normalized effective slip length becomes negative for large positive values
of θ, such as when L = pi, δ = 0.75 and θ = 90o. In other words, a superhydrophobic
microtube containing longitudinal grooves with a large value of L and a high shear
free fraction δ yields superior effective slip performance for large negative values of θ
but inferior effective slip performance for large positive θ values. The corresponding
Poiseuille flow through a microchannel also follow the same trends as those for a
microtube. Unlike the results for infinitesimal L where the effective slip behavior is
independent of flow geometry, the results for the microtube and microchannel start
to depart from each other for relatively large values of L. In general, the normal-
ized effective slip length for Poiseuille flow through the microtube is observed to
display a much more sensitive dependence on the interface protrusion angle θ than
the microchannel flow. Referring to Figure 3.5, this may be attributed to the fact
that for a given values of δ and L, a prescribed interface protrusion angle θ gives
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4.0  Tube shear-free deformed interface
 Tube no-slip deformed interface
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Figure 3.12: (a) The percentage change of cross-section area for various protrusion angles θ at
L = pi and δ = 0.25, 0.50 and 0.75 for tube flow (symbols) and channel flow (solid lines with
corresponding color of tube flow). (b) The normalized effective slip length λ/(δe) for various
protrusion angles θ corresponding to L = pi and δ = 0.50 where the deformed interface is either
shear-free or no-slip for microtube flow(red filled square: shear-free deformed interface, red open
triangle: no-slip deformed interface) and channel flow (blue solid line: no-slip deformed interface,
blue dotted line: shear-free deformed interface).
rise to a larger fractional variation in the effective flow cross sectional area for the
microtube than for the microchannel. In order to arrive at this conclusion, assuming
the infinite groove depth, the percentage changes of the flow cross-sectional area for
various protrusion angles θ is shown in Figure 3.12(a) for a large L value of pi(q = 2)
and δ value of 0.25, 0.50 and 0.75. It can be seen that for the same value of θ and
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δ, the microtube flow experiences a larger percentage change in flow cross-sectional
area than the microchannel flow. In particular, for θ = −90o and δ = 0.75, the
flow cross-sectional area of the microtube increases by 1, 100%, whereas that for the
microchannel only increases by 70%. Considerring another extreme case that the
liquid-gas interface totally reaches the bottom of grooves, the effective slip behavior
corresponding to a deformed interface with a no-slip boundary condition has also
been evaluated and compared against the effective slip behavior corresponding to a
shear free deformed interface for both the microtube and microchannel flows. This
has been performed in Figure 3.12(b) for various interface protrusion angles θ at a
large L value of pi(q = 2) and a moderate shear free fraction δ of 0.5. When the liquid
phase protrudes into the vapor cavity (θ < 0), Figure 3.12(b) shows that the effec-
tive slip length is enhanced by the increased cross-sectional area for both flows, even
when the deformed interface is no-slip. For large negative values of θ, the microtube
flow exhibits a significantly larger effective slip length than the microchannel flow,
regardless of whether the deformed interface is no-slip or shear free. These results
thus support the notion that the dramatic increase in the effective slip length for a
large negative protrusion angle, especially for the microtube flow, is mainly due to
the increase in the sectional area. Furthermore, it may be observed from Figures 3.9,
3.10 and 3.11 that for a fixed value of δ, there is apparently a value of h for which
the normalized effective slip length λ/(δe) is almost independent of L for both the
tube and channel flows. This angle turns out to be approximately 0o for all three
values of δ which have been investigated.
3.2.3 Comparison with experiments and limitations
At this point, it is worthwhile to examine how the results presented in this work
compare with relevant experimental results available in the literature. For cases
involving a flat liquid-vapor interface, some comparison between experimental results
and numerical modeling results has been provided in Cheng et al. [2009]. One
experimental investigation which documents the presence of interface protrusion
effects is the work of Tsai et al. [2009], where micro-particle image velocimetry (µ-
PIV) measurements have been performed in a microchannel of length 40mm, height
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50µm and width 320µm containing superhydrophobic longitudinal grooves. Tsai
et al. [2009] reported that their experimentally determined effective slip length was
smaller than that obtained using the asymptotic analytical solution valid for small
values of L. This discrepancy was attributed by Tsai et al. [2009] to two effects,
namely the confinement effect due to finite, nonzero values of L, as well as the
curvature of the liquid-gas interface. In their experiments, the interface was observed
to deform away from the liquid phase. The observed deformation was as large as a
quarter of the longitudinal groove width. This corresponds to a meniscus protrusion
angle of −53.13o. The experiments were performed for a δ value of 0.5 and L values
ranging between 0.64 and 2.56, corresponding to the acutal dimensions of periodic
length ranging between 16µm and 64µm with the fixed channel height 50µm. They
reported normalized effective slip length results λ/(δe) of approximately 0.2. Even
though we did not investigate the same interface protrusion angle as Tsai et al.
[2009]; for δ = 0.5 and L = 0.64, the numerical approach presented in this work
predicts that λ/(δe) increases from 0.40 to 0.42 as the interface protrusion angle
increases from −53.13o to 0o. On the other hand, for δ = 0.5 and L = 2.56, our
numerical results predict λ/(δe) values increasing from 0.38 to 0.52 as the interface
protrusion angle decreases from 0o to −53.13o. The values of λ/(δe) predicted using
the numerical results are thus substantially higher than those reported by Tsai et al.
[2009] in their experimental studies.
At this junction, it is worthy to mention that the modeling approach used in this
work may not yield results which compare well with some of the experimental results
reported in the literature. This arises because various physical mechanisms which are
vital in these reported experiments have been neglected in the continuum flow mod-
eling. As an example, experiments have been performed by Truesdell et al. [2006]
on superhydrophobic surfaces containing alternating longitudinal grooves and ribs
spaced 25µm apart. They reported that their experimental results for the slip veloc-
ity was 40 times higher than those predicted using continuum mechanics employing
stick-slip boundary conditions. They further conjectured that the entrainment of va-
por between the liquid and the superhydrophobic surface, and possible slip between
the entrained vapor and fluid above culminated in the large effective slip lengths
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are observed. Similarly, Choi et al. [2006] reported that slip lengths on the order of
several tens of microns were obtained for a nanostructured superhydrophobic sur-
face containing needle-like structures of 1− 2µm height and 0.5− 1µm pitch. These
experimental results are at least one order of magnitude higher than those obtained
using continuum flow modeling incorporating stick-slip boundary conditions, which
have been adopted in this work. More insights pertaining to the realistic bound-
ary conditions may be provided by MD or DPD simulations. Tapping atomic force
microscopy was employed by Tyrrell and Attard [2001], who revealed the presence
of nanobubbles “literally covering the surface” of hydrophobic substrates in water.
When a liquid of viscosity µl flows over a layer of gas of viscosity µg and thickness
b, the effective slip length for the liquid flow above is given by λ = b(µl/µg − 1)
[Choi et al., 2006, Lauga et al., 2007, Vinogradova, 1999]. If gas bubbles are present
instead of a gas layer, the effective slip length reduces because of three main reasons
[Lauga et al., 2007]. First, flow recirculation occurs within the bubbles. Next, no-
slip regions exist between the bubbles. Finally, bubbles are not flat in general. In
addition to the presence of nanobubbles, other factors which may potentially result
in an apparent slip include impurities, wetting properties, surface charges, electrical
properties, pressure [Lauga et al., 2007], and shear rates [Lauga and Brenner, 2004,
Zhu and Granick, 2001]. These physical mechanisms have not been accounted for in
the present continuum flow modeling. Additionally, due to the finite depth of the
grooves, the nonzero shear between the liquid flow in the microtube or microchannel
and the vapor flow within the grooves results in additional viscous dissipation, thus
leading to a decrease in the effective slip length [Maynes et al., 2007]. The effective
slip length thus decreases as a consequence. Furthermore, in this work, the contact
line has been assumed to be pinned at fixed locations along the wall boundaries
separating the no-slip from the shear free regions. Gao and Feng [2009] have shown
that the effects of contact line depinning on the effective slip length are significant.
Moreover, it has been assumed in this work that the patterned surface maintains a
dewetted Cassie state in the presence of pressure forces required to drive the liquid
through the microtube or microchannel. In certain portions of the microtube or
microchannel, especially in the upstream part where the liquid pressure is high, the
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surface tension force along the liquid-gas interface is overcome by the pressure force
across the interface, thus causing the patterned surface to transit from a dewetted
(Cassie or fakir) state to a wetted Wenzel state. Byun et al. [2008] has superbly
visualized the transition from a Cassie to Wenzel state. Govardhan et al. [2009] has
also reported the gradual disappearance of trapped air pockets with the progress of
time on superhydrophobic surfaces.
3.3 Conclusions
In this Chapter, the effects of liquid-gas interface deformation on the effective slip
behavior for Poiseuille flow through a microtube containing superhydrophobic longi-
tudinal grooves are investigated. First, an analytical domain perturbation technique
is employed to quantify the effects of an infinitesimally small interface deformation
on the effective slip length. The first-order correction to the zero-th order effective
slip length (in the absence of any interface deformation) consists of two compo-
nents. The first component λ
(1)
1 arises from the perturbed velocity field due to the
interface deformation. The second component λ
(2)
1 accounts for the change in flow
cross sectional area arising as a consequence of the deformed interface. For the tube
flow, when the undeformed interface is perturbed in a direction away from the liquid
phase, the contribution due to λ
(1)
1 is negative and approaches an asymptotic limit
which depends on the shear free fraction δ when the normalized groove-rib periodic
spacing is infinitesimally small (L → 0). The contribution from λ
(2)
1 is negligible




1 are compared for two differ-





1 are independent of the flow geometry when L → 0. For sufficiently






The effects of large interface deformations on the effective slip behavior are inves-
tigated using a Finite Element Method (FEM) solver. The percentage difference
between the numerical FEM results and the analytical perturbation solutions for
infinitesimal L has been calculated to examine the range of applicability of the ana-
lytical solutions. The comparisons reveal that the percentage error does not exceed
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52% for θ = 90o and shear free fraction δ up to 0.75. Once again, as L increases
away from zero, the effective slip length behavior depends strongly on L, δ, θ and
flow geometry. The normalized effective slip length increases monotonically with
increasing θ in the limit as L → 0. On the contrary, the normalized effective slip
length generally decreases with increasing θ for large values of L. Comparing the
results for both the tube and channel flows, for a given value of δ, the normalized
effective slip length exhibits greater sensitivity to θ for large values of L.
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Chapter 4 will numerically quantify the effects of interface curvature on the effective
slip behavior of Poiseuille flow through microchannels and microtube containing a
periodic alternating array of grooves and ribs arranged transversely to the flow di-
rection. Previous works pertaining to transverse grooves have focused exclusively
on unbounded Couette flows (shear flows) [Davis and Lauga, 2009, Hyvaluoma and
Harting, 2008, Steinberger et al., 2007]. For the case of longitudinal grooves, Teo and
Khoo [2010] have demonstrated that for finite ratios of channel height to groove-rib
period, interface curvature has a more dominant effect on Poiseuille flows than Cou-
ette flows. Results will first be presented for sufficiently large normalized channel
heights in the dilute or small shear-free fraction limit for low Reynolds numbers,
where analytical results are available for comparison. Subsequently, the infinites-
imal shear-free fraction assumption is relaxed and the effects of finite shear-free
fractions are investigated, drawing comparison with the results available for shear-
driven flows. Next, the normalized channel height is reduced to investigate the effects
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grooves
of channel wall confinement on the effective slip performance. Numerical simulation
results for higher Reynolds numbers will be presented to elucidate the effects of fluid
inertia. Finally, computational results pertaining to the effects of interface curva-
ture will also be presented for pressure driven Poiseuille flow through microtubes
with circular cross sections containing transverse superhydrophobic grooves. These
results serve to complement the analytical solutions previously obtained by Lauga




Figure 4.1: Schematic diagram depicting channel flow geometry with superhydrophobic surfaces
consisting of alternating grooves and no-slip ribs arranged transversely to the flow direction. The
liquid-gas interface is assumed to be shear-free and is colored as a blue solid line.
The baseline microchannel flow configuration considered in this work is depicted in
Figure 4.1. The microchannel consists of a periodic array of alternating superhy-
drophobic grooves and ribs aligned perpendicularly to the streamwise x-direction.
The superhydrophobic surfaces are patterned along both walls of the microchannel
of height H˜. The close-up in Figure 4.1 depicts one periodic groove-rib combination
of the channel flow, where the horizontal dot-dash line represents the line of symme-
try and the two vertical double dot-dash lines indicate the periodic extent of each
section. Employing the half channel height H˜/2 to normalize all geometric dimen-
sions, the normalized channel height is given as H = H˜/(H˜/2), and each periodic
groove-rib combination and groove spatial spans a normalized length of E and e,
respectively, in the x-direction. Assuming the number of periodic groove-rib struc-
tures to be sufficiently large, it can be assumed that the flow is periodic across each
groove-rib combination in the x-direction. The two salient dimensionless geometric




A fully-developed, incompressible, steady, laminar and Newtonian flow is assumed.
No accounting for the transition from the Cassie state to the Wenzel state arising
from a large pressure difference across the interface (∆P > 2γ/e), the Cassie state
is assumed to be maintained, with the contact line is pinned at the sharp corners
of the ribs. For the flow with large shear rate (roughly Capillary number Ca > 0.4)
where the Laplace assumption breaks down, Gao and Feng [2009] had solved the
Cahn-Hilliard equation of describing the process of phase separation to derive the
exact profile of interface. Considering the flow under the Laplace assumption in this
work, the interface shape profile is determined by a static pressure difference ∆P
across the interface, as well as the surface tension effects γ. When Capillary and
Weber numbers are sufficiently small, or equivalently the viscous shear forces and
inertial forces are negligible comparing with the surface tension forces, the liquid-
gas interface maintains a constant curvature as R = γ/∆P . A protrusion angle
θ which corresponds to the included angle formed between the tangent line T ∗ of
deformed interface and the rib boundary at the pinned corners of ribs is defined
to characterize the deformed interface profile. θ is positive when the pressure of
flowing liquid is less than of air cavity, and negative otherwise. Correspondingly,
as an example, on the channel bottom wall, the resultant circular arc of deformed
interface is mathematically described as x2+(y+H/2+e/2/tanθ)2 = (e/2/sinθ)2 for
−e/2 ≤ x ≤ e/2 where the centre and radius of the interface circle are (0,−H/2 −
e/2/tanθ) and R = |e/2/sinθ| respectively. Taking account of extreme realistic
situations of air bubbles attached on the solid substrate as well as squeezed into
the grooves, the interface protrusion angle θ in the range of −90o ∼ 90o has been
numerically investigated. Moreover, the Knudsen number of the liquid is assumed
to be sufficiently low, so that rarefied effects can be considered to be negligible, and
the liquid can be regarded as a continuum.
To investigate the effects of flow geometry, the flow through a circular cross section
microtube patterned with superhydrophobic transverse grooves and ribs is also con-
sidered in this work. This configuration has previously been investigated by Philip
[1972a], and more recently by Lauga and Stone [2003], albeit for a liquid-gas inter-
face in the absence of interface deformation perpendicular to the tube axis. The
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Figure 4.2: Schematic diagram depicting the tube flow geometry with superhydrophobic surfaces
consisting of alternating grooves and no-slip ribs arranged transversely to the flow direction. The
shear-free liquid-gas interface is colored as a blue solid line.
flow domain considered is depicted in Figure 4.2, which shows a series of periodic
transverse groove-rib combinations along a tube with radius R˜. Referring to the mi-
crochannel, the parametric description including the normalized groove-rib periodic
spacing L = E/R, interface protrusion angle θ, and the like, are defined analogously.
The other assumptions previously depicted for the case of the microchannel flow also
apply to the circular tube flow.
For the microchannel flow, the two non-zero components of the velocity vector in the
Cartesian x- and y -directions are u and v, respectively. The governing equations of















































Furthermore, the imposed boundary conditions are described as follows. Referring
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to Figure 4.1, the flow is symmetric about y = 0: Referring to Figure 4.1, the flow
is symmetric about y = 0:







A stick-slip boundary condition is imposed along the superhydrophobic walls pat-
terned with transverse ribs and grooves. The flow is assumed to satisfy the no-slip




















For the curved liquid-gas interface extending over the grooves, the shear-free stream-
line is assumed that
~t · σ¯ · ~n = 0 along the interface, (4.6)
where ~t and ~n are the local unit tangent and normal vectors to the liquid-gas in-
terface, respectively, and σ¯ corresponds to the stress tensor. In addition, peri-
odic boundary conditions are applied at the upstream and downstream locations of
each streamwise periodic computational domain. Corresponding locations at these
boundaries are specified to have the same values of velocity and velocity gradient.
In the same vein, for flow through microtubes illustrated in Figure 4.2, the govern-
ing equations are described in the cylindrical coordinate and the same boundary
conditions are imposed excepting the axisymmetric quality.
The flow Reynolds number is defined as Re = ρu¯DH˜/µ, where ρ and µ are, respec-
tively, the liquid density and dynamic viscosity, u¯ denotes the bulk velocity along
the streamwise direction. DH is the hydraulic diameter, of 2H for the channel flow
and of 2R for the tube flow. Corresponding to a fixed volumetric flow rate, and thus
flow Reynolds number, the Darcy friction factor is given via the required streamwise







For the classical two-dimensional Poiseuille flow through a channel with no-slip
boundary conditions, the friction factor-Reynolds number product is a constant of
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fRe = 96. Patterning superhydrophobic surfaces on both microchannel walls, the














where the superscript “⊥” denotes the transverse-groove configuration. Likewise, for
microtube flow over superhydrophobic transverse grooves, the normalized effective














leading from fRe = 64 for the classical Poiseuille flow through microtube with no-
slip boundary conditions. For a fixed Reynolds number, the pressure drop is obtained
to deduce the effective slip length which depends on the liquid-gas interface profile,
shear-free fraction and normalized groove-rib spacing.
In view of the nonlinearity of the Navier-Stokes equations, the commercial Compu-
tational Fluid Dynamics (CFD) software Fluent (Fluent, Inc., New Hampshire) is
employed to solve the governing equations using the Finite Volume Method (FVM).
For the coupling of velocity and pressure, the SIMPLE algorithm is chosen. Dis-
cretization of the momentum equations is performed using a second order upwind
scheme. To ascertain the accuracy of the results obtained from the numerical simula-
tions, grid independence studies have to be performed. An adaptive grid refinement
scheme has been employed. In order to achieve a well-localized grid refinement
on the curved boundary and in its vicinity, the hanging-node scheme is used to
subdivide the cells into smaller ones after the two-dimensional flow domain was
meshed with a relatively coarse grid and converged results were obtained using the
coarse grid. For general cases, around 500,000 triangular elements were generated
for mesh-independent results. During the procedure of convergence, the converged
results were derived as the residues of the governing equations decrease less than
10−10 and were invariable with more iterations as well as the balance of mass flow
rate at the periodic boundaries. The mesh was repeatedly refined until the pressure
drop varied less than 0.5% between successive grid refinements.
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 Analytical solution Eqn.(4.17)
 Davis and Lauga (2009)
 Numerical solution for channel flow
 Numerical solution for tube flow
Figure 4.3: Comparison of exact analytical solution 4.10, solutions of Davis and Lauga [2009] for
two-dimensional dilute model and numerical results of normalized effective slip length for various
δ with the interface protrusion angle θ = 0o for channel flow and tube flow.
4.2 Results
4.2.1 Numerical validation
In order to ascertain that our numerical solutions are independent of the mesh
size and the numerical methods employed, computations are first performed and
checked against analytical results available in the literature for Stokes flow past
superhydrophobic transverse grooves. In the asymptotic limit when the channel
height H or tube radius R becomes infinitely large as compared to the groove-rib
periodic spacing E, i.e. L → 0, it has been shown that in the absence of interface
curvature θ = 0o, the normalized effective slip length is given by Philip [1972a],














Numerical results for the normalized effective slip length are shown in Figure 4.3
for the channel and tube flows corresponding to L = E/(H/2) = E/R = 0.125 and
shear-free fractions δ = 0.25, 0.50 and 0.75. The Reynolds number for the channel
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and tube flows has been fixed at 0.1 which is in the Stokes flow regime. As can be
observed from Figure 4.3, there is favorable agreement between the numerical results
and the analytical expression given by Equation 4.10, thus indicating the accuracy
of the computational schemes.
4.2.2 Channel flow results for small values of L, δ and Re
Davis and Lauga [2009] have previously proposed an analytical model valid for the
normalized effective slip length for Stokes shear flow past a superhydrophobic sur-
face with transverse grooves with small values of δ and L, depending on the interface
protrusion angle θ. They did not specify the upper bound of δ for which their model
is accurate, most probably due to the dearth of numerical solutions or reliable ex-
perimental results for the curved interface configurations. However, their analytical
model should also be valid for the flat baseline interface case (θ = 0o), provided δ
and L are sufficiently small. The analytical solution of Davis and Lauga [2009] is
compared against the exact analytical solution 4.10 in Figure 4.3 for θ = 0o. Al-
though the analytical model of Davis and Lauga [2009] is strictly valid for δ  1,
Figure 4.3 shows that for a flat baseline interface, the difference between the exact
analytical solution and the analytical model of Davis and Lauga [2009] does not
exceed 10% for δ < 0.47. For a curved interface, no such comparison is available,
although they have assumed the validity of their analytical model up to δ = 0.68 in
their work.
To further assess the validity of our numerical results, shown in Figure 4.4 are the
numerical results for the normalized effective slip length for various interface pro-
trusion angles θ corresponding to Poiseuille flow through a microchannel containing
superhydrophobic transverse grooves. The normalized groove-rib periodic spacing
L = E/(H/2) = 0.125, and the shear-free fraction δ was 0.25. The Reynolds number
Re of the flow was fixed at 0.1 corresponding to the Stokes flow regime where inertial
effects are small compared with viscous effects. Also plotted in Figure 4.4 are the
analytical results of Davis and Lauga [2009]. It is evident that there is reasonably
good agreement between the analytical and numerical results for low Re. Slight
discrepancies might arise due to the non-zero values of L, δ and Re used in the
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 Davis and Lauga (2009) =0.25
 Numerical solutions =0.25
 Ng and Wang (2011) =0.50
 Numerical solutions =0.50
Figure 4.4: Comparison of analytical solutions of Davis and Lauga [2009] (solid line) and Ng
and Wang [2011] (red dashed line), analytical solution Equation 4.10 (star) and numerical results
for the effects of interface protrusion angle θ on the normalized effective slip length for Poiseuille
channel flow corresponding to the shear-free fraction δ = 0.25 and 0.50 at L = 0.125 and Re = 0.1.
numerical simulations. In particular, the numerical results are capable of predicting
the critical interface protrusion angle θc of approximately 62
o when the effective slip
length approaches zero and becomes negative for θ > θc. According to the analytical
model of Davis and Lauga [2009], for asymptotically small values of L, δ and Re,
the normalized effective slip length λ⊥/ (δe) is only a function of θ. Furthermore,
θcremains as a constant, and is independent of L, δ and Re. In the subsequent
sections, the small L, δ and Re assumptions will be gradually relaxed.
4.2.3 Effects of shear-free fraction δ for small values of L
and Re
Using semi-analytical method, Ng and Wang [2011] quantified the effective slip be-
havior for simple shear flow arising from a far field unity velocity gradient applied
over a surface patterned with periodic two- or three-dimensional protrusions. Their
results show excellent agreement with the results of Davis and Lauga [2009] which
are valid for the small shear-free fraction limit. Ng and Wang [2011] also demon-
strated that the critical interface protrusion angle was approximately 65o and was
independent of shear-free fraction. Furthermore, phenomenological equations have
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been derived for the interface protrusion angles yielding the maximum effective slip
length for several surface configurations. In this section, we investigate the effects of
shear-free fraction δ = 0.50 on the normalized effective slip length corresponding to
Poiseuille flow through a microchannel patterned with superhydrophobic transverse
grooves. Detailed comparisons will be made with the effective slip length obtained
by Ng and Wang [2011] for a simple shear flow at a moderate shear-free fraction δ
of 0.50 and some particular interface protrusion angles at which λ⊥/(δe) reaches the
maximum in magnitude.
For Poiseuille flow through microchannels containing superhydrophobic transverse
grooves, the normalized groove-rib periodic spacing L = E/(H/2) has been held
constant at a relatively small value of 0.125, and a flow Reynolds number Re of 0.1
has been maintained. Figure 4.4 also presents the normalized effective slip length
as a function of interface protrusion angle θ at the moderate shear-free fraction δ
of 0.50 in the Stokes flow regime. From Figure 4.4, it is evident that our numerical
predictions of effective slip length are in good agreement with the semi-analytical
results of Ng and Wang [2011] for small L and Reynolds number for moderate
shear-free fractions. λ⊥/(δe) is numerically predicted to reach a maximum at θ ≈
10o, which is also consistent with the analytical finding of Ng and Wang [2011].
Moreover, for an interface protrusion angle θ of 90o at which the effective slip length
is maximum in magnitude, Ng and Wang [2011] have derived a phenomenological
equation for the normalized effective slip length as a function of shear-free fraction.
For Poiseuille flow through microchannels containing superhydrophobic transverse
grooves with L = 0.125, Re = 0.1 and interface protrusion angle θ = 90o, the
normalized effective slip length is numerically quantified for shear-free fractions δ =
0.25, 0.50 and 0.75. Comparing the effective slip length values calculated at θ =
90o using the phenomenological equation derived by Ng and Wang [2011] and our
numerical schemes, good agreement is obtained between both sets of results, which
does not shown in this work. Thus the further confidence to the validity of our
computational approach is provided. And minor discrepancies might result from
the finite value of L used in the numerical predictions.
In addition, for Poiseuille flow through microchannels containing superhydrophobic
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transverse grooves with L = 0.125 and Re = 0.1, numerical results for the normalized
effective slip length λ⊥/(δe) are plotted against the interface protrusion angle in
Figure 4.5(a) for various shear-free fractions δ ranging between 0.25 and 0.75. It is
evident that λ⊥/(δe) depends on both θ and δ at sufficiently small values of L for
Poiseuille flow. One remarkable observation is that the critical interface protrusion
angle θc remains at approximately 62
o ∼ 65o as δ varies, which is consistent with
the results of Ng and Wang [2011] for simple shear flow. At this junction, we may
conclude that the critical interface protrusion angle θc approaches 62
o ∼ 65o, which is
independent of the shear-free fraction and flow driving mechanism for infinitesimal
L in the low Reynolds number Stokes flow regime. Dimensionally, at the critical
interface protrusion angle, the curved liquid-gas interface protrudes into the liquid
phase by a distance of Lδ(1/sinθc − 1/tanθc), which is strongly dependent on the
local flow configuration. At all other values of θ, λ⊥/(δe) exhibits an increasing trend
corresponding to an increase in the value of δ. Taking into account superhydrophobic
longitudinal grooves configuration, denoted by the superscript “‖”, Figure 4.5(b)
presents the results for λ‖/(δe) corresponding to L = 0.04 for various values of θ
and δ. These results have been reproduced from the previous work of Wang et al.
[2013], where the effective slip lengths have been evaluated using a finite element
solver. For the same longitudinal grooves configuration with infinitesimal L, the
effective slip length as a function of the interface protrusion derived by Crowdy
[2010] is also present in the dash line for small shear-free fraction δ = 0.25, even
though this analytical expression was obtained in the dilute limit. In contrast to
transverse grooves, a critical interface protrusion angle does not exist for longitudinal
grooves with small values of L, and λ||/(δe) shows a monotonic increase with θ for
all values of δ. For a flat liquid-gas interface, various researchers [Lauga and Stone,
2003, Philip, 1972a, Teo and Khoo, 2009] have shown that as L → 0, the ratio of
the effective slip lengths λ‖/λ⊥ = 2 The values of λ‖/λ⊥ corresponding to L → 0
are shown in Figure 4.5(c) for various values of δ and θ, which manifests that λ‖/λ⊥
deviates from 2 for θ 6= 0o, becomes unbounded at θ = θc, and becomes negative
for θ > θc. These trends are the same as the analytical results derived by Crowdy
[2010] and Davis and Lauga [2009] for small shear-free fraction at L → 0. Some
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Figure 4.5: (a) The normalized effective slip length for various δ corresponding to superhydropho-
bic transverse groove configuration with L = 0.125 at Re = 0.1. (b) The normalized effective slip
length for various δ corresponding to superhydrophobic longitudinal groove configuration with
L = 0.04 [Wang et al., 2013]. For small δ = 0.25, the analytical results derived by Crowdy [2010]
are also shown (dash line).(c) Ratio of normalized effective slip length corresponding to longitudi-
nal versus transverse groove configuration at Re = 0.1 for various shear-free fraction and interface
protrusion angles θ. For small δ = 0.25, the analytical results derived by Crowdy [2010] and Davis
and Lauga [2009] are also shown (empty square)
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Figure 4.6: Effects of interface protrusion angle on normalized effective slip length for various
values of L corresponding to a shear-free fraction δ of 0.25. (a) Transverse groove configuration.
(b) Longitudinal groove configuration [Wang et al., 2013].
discrepancy maybe arises from our limited L and the dilute limit for their results.
It can thus be deduced that for small values of L, longitudinal grooves exhibit
superior effective slip performance than transverse grooves when both δ and θ are
kept constant. As explained by Hyvaluoma and Harting [2008], for longitudinal
grooves, the streamlines are straight and parallel, and the flow does not perceive
any roughness. However, for transverse grooves, the protruding transverse bubble
mattresses serve as roughness elements which enhance the flow resistance as the
liquid experiences spatially periodic accelerations and decelerations when it flows
past the transverse grooves.
4.2.4 Effects of δ and L for small values of Re
In this section, we further relax the assumption of small L made in the previous
sections to elucidate the effects of both L and δ on the effective slip length for the flow
through microchannels containing a periodic array of alternating transverse groove-
rib combinations. The Reynolds number Re in this section is still kept constant
at 0.1. It is worth noting that an increase in L = E/(H/2) may be interpreted as
enhanced channel wall confinement or interference effects arising from a decrease in
channel height H for the same groove-rib periodic spacing E.
Figure 4.6(a) presents the effective slip length corresponding to a shear-free fraction
δ of 0.25 for various values of L ranging between 0.125 and 4. It is interesting to
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note that as L increases, the critical interface protrusion angle θc no longer remains
constant at approximately 62o ∼ 65o, but exhibits a decreasing trend corresponding
to an increase in L. In other words, enhanced channel wall confinement effects
culminate in a decrease in θc for the same shear-free fraction δ. For L = 4 and δ =
0.25, the critical interface protrusion angle has decreased to approximately 56o. For
large negative values of θ, enhanced channel wall interference effects corresponding
to an increase in L yields larger normalized effective slip lengths λ/(δe) for the same
value of θ. However, this trend reverses for large positive values of θ, where larger
values of L culminate in deterioration in effective slip performance. This could be
explained from the observation that for large values of L, a significant reduction
in flow cross sectional area arises for large positive values of θ, thus resulting in
enhanced flow blockage effects which reduces the bulk flow for the same applied
streamwise pressure gradient. The opposite trend occurs for large negative values of
θ, where the effective flow cross sectional area is increased remarkably, thus reducing
the effective flow resistance.
Figures 4.7(a) and 4.8(a) illustrate the dependence of the effective slip length on
L for various values of θ corresponding to shear-free fractions δ of 0.50 and 0.75,
respectively. Similar salient trends can be observed at these two larger shear-free
fractions. For large values of L at the same shear-free fraction, θc no longer remains
constant, but displays a continuously decreasing trend as L increases. However,
for the same value of L, θc decreases more rapidly for cases with larger shear-free
fractions. For example, corresponding to L = 4, θc decreases from approximately
50o for δ = 0.50 to approximately 43o for δ = 0.75. This is in stark contrast to the
results shown in Figure 4.6(a) for L = 0.125, where θc apparently remains invariant
at 62o ∼ 65o as δ is varied from 0.25 to 0.75.
For the same shear-free fraction δ, microchannels with larger values of L yield en-
hanced effective slip performance for large negative values of θ and inferior effective
slip behavior for large positive θ values. This may be again explained by the fact that
when δ is held constant, larger values of L (signifying decreasing channel height H
for the same groove-rib period E) result in larger fractional changes in the flow cross
sectional area (relative to the flat interface case). Furthermore, for the same value
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Figure 4.7: Effects of interface protrusion angle on normalized effective slip length for various
values of L corresponding to a shear-free fraction δ of 0.50. (a) Transverse groove configuration.
(b) Longitudinal groove configuration [Wang et al., 2013].





























Figure 4.8: Effects of interface protrusion angle on normalized effective slip length for various
values of L corresponding to a shear-free fraction δ of 0.75. (a) Transverse groove configuration.
(b) Longitudinal groove configuration [Wang et al., 2013].
of δ, corresponding to a reduction in L, the maximum magnitude for the normalized
effective slip length λ/(δe) increases and occurs at higher values of θ.
In order to obtain a intuitive visualization of the flow field generated by the shear-free
liquid-gas interface with various protrusion angles, the normalized streamwise veloc-
ity magnitude, wall shear stress and static pressure distribution along the channel
wall (ribs) and the shear-free interface are shown in Figure 4.9, for three interface
protrusion angles θ of 0o, 45o and 75o corresponding to a shear-free fraction δ 0f
0.5, large L of 4 and Re of 0.1 . The streamwise coordinate has been normalized
by the groove-rib periodic spacing E, the streamwise velocity magnitude has been
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Figure 4.9: (a) The normalized streamwise velocity magnitude along the shear-free interface; (b)
The normalized wall shear stress along the transverse ribs; (c) The normalized pressure distribution
along the shear-free interface for interface protrusion angles θ = 0o, 45o and 75o with shear-free
fraction δ = 0.50, L = 4 and Re = 0.1.
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normalized by the streamwise bulk velocity u¯, and the wall shear stress has been
normalized using µ(u¯/E). From Figure 4.9, it is evident that the distribution of
the normalized streamwise velocity, normalized wall shear stress and static pressure
along the channel bottom profile, at the pinned sharp corners of ribs especially, are
strongly dependent on the interface protrusion angle. Corresponding to an increase
in θ, there is an increase in the magnitude of the streamwise velocity along the in-
terface near the center of the groove, presumably due to the enhanced flow blockage
effects arising from larger values of θ. Referring to Figure 4.9(b), there is a general
decrease in normalized wall shear stress corresponding to an increase in θ, especially
near the groove-rib junction. This signifies that the wall shear stress contribution
to the overall flow resistance decreases as θ increases. This seems counter-intuitive,
as the effective slip length is positive when θ = 0o, but becomes negative when
θ = 75o. However, this is reconciled when the effects of flow resistance arising from
the static pressure difference across the curved interface is taken into account. The
static pressure distributions (normalized using µ(u¯/E)) along the shear-free inter-
face are plotted in Figure 4.9(c) for θ values of 45o and 75o . It is noted that the
overall static pressure along the forward-half of the interface is higher than that
along the aft-portion of the interface. For a curved interface protruding into the
liquid, the horizontal component of the force arising from this pressure difference
also contributes to the overall flow resistance. (Figure 4.9(c) does not include results
for the θ = 0o case, as the static pressure variation along the flat interface does not
contribute to the overall flow resistance.) When θ = 45o, , the flow resistance arising
from pressure differences between the front and rear halves of the interface constitute
24% of the overall flow resistance (the remaining 76% is due to wall shear stress).
When θ is further increased to 75o, the flow resistance arising from interface pressure
differences increases significantly to 79% of the total flow resistance. As θ increases
from 0o to 75o, the component of the flow resistance due to pressure differences in-
creasingly dominates the component due to wall shear stress. The magnitude of the
flow resistance due to pressure differences ahead and behind the interface increases
precipitously with increasing θ, thus culminating in negative values of effective slip
length for θ〉θc. This observation substantiates the explanation previously put forth
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by Hyvaluoma and Harting [2008] that the over-protruding transverse bubble mat-
tresses act like the roughness elements which enhance the flow resistance, in contrast
to the decrease in flow resistance arising from the longitudinal grooves.
For the purpose of above comparison, Figures 4.6(b), 4.7(b) and 4.8(b) display
the influence of interface protrusion on the effective slip length for channel flow
corresponding to superhydrophobic longitudinal grooves for shear-free fractions δ =
0.25, 0.50 and 0.75, respectively [Wang et al., 2013]. From Figures 4.6, 4.7 and
4.8, it can be observed that the influence due to interface curvature is different for
longitudinal and transverse superhydrophobic grooves. For longitudinal grooves,
keeping the shear-free fraction δ fixed, the effective slip length generally increases
with increasing θ for small values of L, but decreases with increasing θ for large
values of L. Negative values of effective slip length (corresponding to an increase
in flow resistance relative to the baseline no-slip microchannel) are liable to be
encountered for large values of L and large positive values of θ. However, for the same
corresponding values of L, δ and θ, longitudinal grooves are found to be consistently
superior to transverse grooves in terms of effective slip performance. Furthermore,
for longitudinal grooves, it is interesting to note that there appears to be a value of
θ for which the normalized effective slip length λ/(δe) is almost independent of L
and shear-free fraction δ. All the plots corresponding to different values of L and δ
appear to intersect at θ ≈ 3o .
4.2.5 Effects of flow geometry for small values of Re
The previous sections have focused exclusively on the flow through microchannels.
In this section, in order to assess the effects of bulk flow geometry, the effective slip
performance of the flow through microchannels and microtubes containing superhy-
drophobic transverse grooves will be compared.
Figure 4.10 illustrates the dependence of the normalized effective slip length λ/(δe)
on the interface protrusion angle θ for both the microchannel and microtube flows
corresponding to shear-free fractions δ of 0.50 and 0.75. The Reynolds number
Re is fixed at 0.1, and the relative groove-rib periodic spacing L (L = E/(H/2)
for channel flow; L = E/R for pipe flow) has been held constant at a relatively
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Figure 4.10: The normalized effective slip length plotted against the interface protrusion angle θ
for both tube (symbols) and channel flows (lines) for L = 0.125. The analytical solutions given by
Equation (17) (black hollow stars) corresponding to θ = 0o and δ values of 0.5 and 0.75 are also
shown.
small value of 0.125. For each shear-free fraction δ, results for the effective slip
length versus interface protrusion angle θ show almost perfect agreement for both
the channel and tube flows. This substantiates the notion that for sufficiently small
values of L, where the periodic spacing between the superhydrophobic features is
small compared to the characteristic length scale of the bulk flow geometry, the
effective slip behavior is independent of L, but only depends on the details of the
geometry associated with the superhydrophobic features. Hence, for the case of
transverse grooves, for small values of L, the normalized effective slip length λ/(δe)
is only a function of δ and θ, but is independent of L and bulk flow geometry. In
addition, in the light of the work of Davis and Lauga [2009] and Ng and Wang [2011],
for small values of L and θ, λ/(δe) is solely a function of θ, but is independent of
δ, L, flow type and bulk flow geometry. For small values of L, the critical interface
protrusion angle θc remains almost invariant at approximately 62
o ∼ 65o for both
the channel and tube flows over a wide range of shear-free fractions δ.
The dependence of the effective slip length on θ for the tube flow is shown in Figure
4.11 for a shear-free fraction of 0.50 for a range of L values. Similar to the channel
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Figure 4.11: The normalized effective slip length plotted against the interface protrusion angle θ
for various values of L corresponding to a shear-free fraction of 0.5 for the tube flow. The analytical
solution given by Equation 4.10 (black hollow star) corresponding to θ = 0o and δ = 0.50 has also
been shown.
flow depicted in Figure 4.8(a), the critical interface protrusion angle θc exhibits a
monotonic reduction corresponding to an increase in L. However, for sufficiently
large values of L, the effective slip performance is no longer independent of the bulk
flow geometry. For example, corresponding to L = 4 and δ = 0.50, θc ≈ 44
o and 50o
for the tube flow and channel flow, respectively.
4.2.6 Effects of δ, Re and flow geometry for small L and flat
interface
In this section, the effects of Reynolds number Re on the effective slip length of two
flow geometries with a flat shear-free interface (θ = 0o) for various values of δ at
L = 0.125 will be explored. Figure 4.12 shows that for sufficiently small values of
L and Re, corresponding to a fixed value of δ, the normalized effective slip length
λ/(δe) asymptotes to a constant value which is independent of flow geometry. This
conclusion has previously been documented in previous studies [Lauga and Stone,
2003, Philip, 1972a, Teo and Khoo, 2009]. Departing from the Stokes flow regime
(Re  1), the normalized effective slip length λ/(δe) decreases with increasing
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Figure 4.12: The normalized effective slip length plotted against the Reynolds number for both
channel and tube flows corresponding to shear-free fraction δ = 0.25, 0.50 and 0.75 with L = 0.125
and θ = 0o.
Reynolds number Re, regardless of the flow geometry. The reduction in λ/(δe) is
marginal for small shear-free fraction δ = 0.25, but becomes substantial for large
shear-free fractions (δ = 0.75) when Re exceeds 100. Furthermore, it should be
noted that the decrease in λ/(δe) is stronger for the tube flow geometry than the
channel flow geometry.
To provide further insights regarding the effects of Re on the flow field for the tube
flow, Figure 4.13 shows the normalized streamwise velocity along the shear-free
interface and wall shear stress distributions along the no-slip ribs for L = 0.125, δ =
0.50 and Re = 0.1, 100 and 1000. In the low Re Stokes flow regime (Re = 0.1), the
flow is kinematically reversible, and thus the interface streamwise velocity and wall
shear stress distributions are symmetric about the groove center (x = 0). In contrast,
when Re = 1000, there is substantial asymmetry in the interface streamwise velocity
and wall shear stress distributions about the groove center. This asymmetry is
presumably due to enhanced flow inertial effects as Re increases.
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(a) (b)
(c) (d)
Figure 4.13: (a) The normalized streamwise velocity magnitude along the shear-free interface;
(b), (c) (d) The normalized wall shear stress along the transverse ribs for interface protrusion angle
θ = 0o with shear-free fraction δ = 0.5, L = 0.125 and Re = 0.1 (b); 100 (c); 1000 (d).
4.2.7 Effects of Re and flow geometry for large L and curved
interface
In the previous section, it has been shown that for a flat liquid-gas interface (θ =
0o), an increase in Re results in a concomitant decrease in the normalized effective
slip length for fixed values of δ and small L. In this section, the consequences
of interface curvature and Re on the effective slip performance are investigated.
Numerical simulations are performed for both the channel and tube flows over the
allowable θ range at Re = 0.1 and 100, δ = 0.50 and L = 4, the results of which
are summarized in Figure 4.14. It can be seen that when θ < 30o, the normalized
effective slip length decreases corresponding to an increase in Re for both the channel
and tube flow geometries. However, when θ > 30o, variations in Re do not appear
to have a significant effect on the normalized effective slip length. At Re = 100, the


















Figure 4.14: The normalized effective slip length plotted against the interface protrusion angle θ
for both channel and tube flows corresponding to a shear-free fraction δ of 0.5, L of 4 and Reynolds
number Re of 0.1 and 100.
respectively. These are almost identical to their corresponding values at Re = 0.1.
A series of numerical simulations involving similar conditions as those adopted in
Figure 4.14 has also been performed, except that L was decreased to a small value
of 0.125. Results for the normalized effective slip length corresponding to L = 0.125
have previously been presented in Figure 4.10 for Re = 0.1. It has been found
that the results remain invariant when Re increases from 0.1 to 100. This also
implies that over this range of Re, the critical interface protrusion angle θc remains
approximately constant at 62o ∼ 65o for small values of L.
4.2.8 Comparison with experiments and limitations
To investigate the effects of curved liquid-gas interface on the effective slip behavior,
it is essential to draw comparisons between our numerical results and the corre-
sponding experimental investigations mentioned in the introduction part. Using
micro-Particle Image Velocimetry (micro-PIV), Byun et al. [2008] directly measured
the velocity profiles of the microchannel flow over superhydrophobic surfaces con-
taining transverse grooves and ribs. In addition to visualizing the perfect wetting
transition from Cassie state to Wenzel state, they estimated the effective slip length
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by extrapolating the measured velocity profile of the flow in the near-wall region.
For shear-free fraction ranging between 0.60 and 0.857, and L ranging between 0.125
and 0.7, they obtained effective slip length values ranging from 0.4 to 5.4µm, which
were smaller than the values obtained using the analytical solution for infinitesimal
L in the absence of interface curvature (4.10). Owing to the uncertainties arising
from the use of extrapolation, they concluded that there was a limitation in the
accuracy of their estimated effective slip lengths. Moreover, no information was pro-
vided regarding the detailed profiles of the curved interface and the extrapolation
procedure. The lack of information thus renders it challenging to make systematic
comparisons between their experimental results and the numerical results presented
in this work.
Moreover, some crucial physical mechanisms which may exist in experiments have
been excluded in our numerical modeling, thus potentially contributing to differ-
ences between experimental results and numerical predictions. For instance, Trues-
dell et al. [2006] and Choi et al. [2006] reported that the effective slip length yield
by their experiments were at least an order of magnitude higher than the contin-
uum mechanics prediction. They suggested that the entrainment of air between the
flowing liquid and the superhydrophobic surface might be responsible for the large
effective slip lengths observed. Other aspects, such as impurities, wetting proper-
ties, surface charges, electrical properties, pressure [Lauga et al., 2007] and shear
rates [Lauga and Brenner, 2004, Zhu and Granick, 2001]), may also play roles in the
effective slip behavior. All these physical mechanisms have not been accounted for
in the present numerical work. On the other hand, several key assumptions have
been made for the computational studies presented in this work. The first assump-
tion is of the pinning of the contact line. Significant effects on the effective slip
performance may result due to contact line depinning [Gao and Feng, 2009]. The
second assumption involves the existence of a Cassie state. Byun et al. [2008] have
previously documented and visualized the transition from a dewetted Cassie state to
a wetted Wenzel state. Additionally, the viscous dissipation arising from the vapor
flow inside the grooves culminate in a reduction in effective slip length[Maynes et al.,




This chapter investigated the effects of interface curvature on Poiseuille flow through
microchannels and microtubes employing superhydrophobic surfaces with transverse
grooves and ribs. The effects of shear-free fraction δ, normalized groove-rib periodic
spacing L (= E/(H/2) or E/R), bulk flow geometry (rectangular channel or circular
tube), geometric configuration of superhydrophobic surface (transverse or longitu-
dinal grooves) and Reynolds number on the effective slip behavior for various values
of interface protrusion angle θ have been discussed in detail. From these discussions,
several conclusions can be made:
a) The critical interface protrusion angle θc for which the effective slip length becomes
zero approaches 62o ∼ 65o, which is independent of the shear-free fraction, flow
driving mechanism and flow geometry (channel and tube) in the Stokes flow regimes
when L→ 0.
b) Relaxing the infinitesimal L, the critical interface protrusion angle θc decreases
with increasing L. For the same L and shear-free fraction δ, θc is smaller for the
tube flow than for the channel flow.
c) As the Reynolds number increases, the normalized effective slip length decreases.
The decrease is more prominent for the tube flow than the channel flow.
d) Corresponding to a constant (large) L of 4 and a constant δ of 0.5, when the
Reynolds numbers Re is increased from 0.1 to 100, the normalized effective slip
length decreases noticeably when the interface protrusion angle is less than 30o for
both the channel and tube flows. The critical interface protrusion angle θc remains
almost invariant.
e) For the same corresponding values of L, δ, and θ, longitudinal grooves are found to
be consistently superior to transverse grooves in terms of effective slip performance.
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Chapter 5
Direct numerical simulation of
turbulent flow through channel
containing superhydrophobic
transverse grooves
For laminar flow over superhydrophobic surfaces, the effects of liquid-gas interface
deformation on the effective slip length had been explored in detail in Chapter 3
and 4. To investigate turbulent microchannel flow over superhydrophobic surface
containing alternating transverse grooves and ribs, the reduction in flow resistance
will be explored at a Reynolds number Reτ = 180 (Reτ = uτ (H˜/2)/ν where uτ is
the friction velocity, H˜ is the full channel height and ν is the kinematic viscosity
of flowing fluid). Direct Numerical Simulation (DNS) will be employed to quan-
tify the effects of superhydrophobic transverse configurations on the reduction in
turbulent flow resistance, assuming a flat shear-free liquid-gas interface. Turbulent
flow properties involving planar-averaged velocity profile, root mean square (rms)
of velocity fluctuations, Reynolds stress, kinetic energy budget and flow structures
will be examined to analyze the mechanism which is responsible for the reduction




Figure 5.1 schematically depicts the microchannel configuration in the Cartesian
coordinate system. The microchannel contains superhydrophobic surfaces patterned
with an infinite series of periodic groove-rib combinations oriented perpendicularly
to the flow direction on both walls. The liquid-gas interface is assumed to be flat
which is shown as blue planes in the figure.
Figure 5.1: Schematic diagram showing the microchannel geometry containing superhydrophobic
surfaces patterned with alternative ribs and grooves transversely to the flow direction on both walls.
The liquid-gas interfaces are colored as blue planes.
The non-dimensional Navier-Stokes equations and continuity equation governing the


















where xi, ui(i = 1, 2, 3) denote three Cartesian coordinate directions (x-streamwise,
y-wall normal and z-spanwise) and their velocity components respectively. ∇P¯x is
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the mean pressure gradient along the streamwise flow direction. The dimensional full
channel height is H˜. Using the half channel height H˜/2 to normalize all geometric
quantities yields the non-dimensional full channel height H = H˜/(H˜/2). Moreover,
the friction velocity uτ (uτ =
√
∇P¯x(H˜/2)/ρ where ρ is the density of flowing
fluid) is used to normalize the velocity and related flow variables, yielding a salient
dimensionless flow parameter Reτ = uτ (H˜/2)/ν where ν is the kinematic viscosity
of flowing fluid.
Employing second order central difference scheme for spatial discretization and sec-
ond order implicit fractional step algorithm in time splitting, a finite volume based
scheme is developed to discretize the momentum equations. Multigrid approach with
Alternating Direction Implicit (ADI) smoother is adopted for solving the pressure
correction equation [Wang et al., 2006]. Using three dimensional ADI solver with do-
main decomposition and Message Passing Interface (MPI) protocol, the parallel code
has been implemented for computation. The cuboid of 2piH : H : piH is chosen as
the computational domain, which is sufficiently large to ascertain that the turbulent
fluctuations are uncorrelated at a separation of one half-period in the homogeneous
streamwise and spanwise directions. The flow is assumed to be fully developed, and
periodic boundary conditions are imposed along both the streamwise and spanwise
directions. In the wall normal direction, a non-uniform mesh with 128 mesh points
is generated for capturing the near-wall region with refined mesh spacings. Along
the streamwise and spanwise directions, uniform meshes are used. The convergence
criteria for pressure and every velocity component are all 10−9 in terms of their re-
spective scaled residuals. Moreover, normalizing by ν/u2τ , the non-dimensional time
interval ∆t should be sufficiently small to capture the full range of flow quantities of
interest. And the normalized time interval ∆t = 0.002 was found to yield sufficiently
accurate results, as doubling the time step size caused the flow quantities of inter-
est to vary by less than 1%. In the processes of convergence, mean-flow averaging
and the generation of turbulence statistics, the converged results were derived as
the temporal averaging flow quantities of interest were invariable with more time
iterations. In general, there processes were performed over time-spans of 60, 000∆t,
10, 000∆t and 20, 000∆t, respectively. For the liquid-gas interface, the contact line
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is assumed to be pinned at the sharp corners of the ribs and a Cassie state is main-
tained. The Knudsen number of the fluid is assumed to be negligibly small.
In this chapter, u, v, w denote the velocity components at the spatial location (x, y, z)
at the time instant t. The velocity components u, v, and w correspond to ui (i =
1, 2, 3) in the governing equations respectively. U, V,W, u′, v′, w′ denote the mean and
fluctuation parts of velocity components. Temporal and spatial averaged variables











where Lx and Lz represents the streamwise (x) and spanwise (z) extent of the plane
respectively. The near-wall viscous length scale is hν = ν/uτ . A quantity containing
the superscript ” + ” indicated that it is normalized using viscous wall units. The
normalized spatial extent of each periodic groove-rib combination is E = E˜/(H˜/2).
Each groove and rib spans a normalized distance of e and (E − e), respectively,
in the streamwise direction. The two salient dimensionless geometric parameters
are the shear-free fraction δ = e/E and the normalized groove-rib periodic spacing
L = E/(H/2). In the rib region, the no-slip and no-penetration conditions are
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Figure 5.2: (a) The planar-averaged streamwise velocity (red square symbol) plotted against the
wall-normal distance in viscous wall units. Results of Kim et al. [1987] (black solid line) and law of
the wall (black dot dash line) are also shown. (b) Root mean square (rms) of velocity fluctuations
along wall-normal direction (symbols) compared with corresponding results of Kim et al. [1987]
(〈u′2〉rms: black solid line, 〈v
′2〉rms: black dash line, 〈w
′2〉rms: black dot dash line). (c) Reynolds
stress plotted against the wall-normal distance. Solid line shows the corresponding results of Kim
et al. [1987]. (d) The turbulent kinetic energy budget (Solid lines show the corresponding results
of Moser et al. [1999]).
2.5 ∗ ln(y+) + 5.5 for 5 ≤ y+ ≤ 180, and the wall-normal and spanwise velocity
components v = w = 0 within the computational domain. The turbulent flow
through a channel containing superhydrophobic surfaces has been investigated for
various values of L (L = pi/8 ∼ pi corresponding to L+ ≈ 70 ∼ 560) and shear-
free fraction δ = 0.50 and 0.75 at a Reynolds number Reτ = 180. A unit pressure
gradient ∇P¯x = −1 is applied to the channel flow in the streamwise direction.
5.2 Results
5.2.1 Numerical validation
In order to test the validation of our parallel DNS code and mesh-independence of
the numerical results, comparisons have been made with the DNS results of Kim
et al. [1987] and Moser et al. [1999], which correspond to the baseline turbulent
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Table 5.1: The variation in wall shear stress on the channel bottom wall for channel flow over
superhydrophobic surfaces patterned with alternating longitudinal grooves and ribs on channel
bottom wall at δ = 0.50 and Reτ = 180.










Table 5.2: The variation in wall shear stress on the channel bottom wall for channel flow over su-
perhydrophobic surfaces patterned with alternating transverse grooves and ribs on channel bottom
wall at δ = 0.50 and Reτ = 180.
channel flow bounded by two infinite flat parallel plates. Furthermore, comparisons
have been made with the DNS results of Martell et al. [2009] for turbulent flow
through a channel containing superhydrophobic surfaces patterned with alternating
grooves and ribs at a Reynolds number Reτ = 180.
Figure 5.2 presents the planar-averaged streamwise velocity profile, the root mean
square (rms) of velocity fluctuations, Reynolds stress and turbulence kinetic energy
budget distributions for the baseline turbulent channel flow of Kim et al. [1987],
Moser et al. [1999] as well as results obtained from our numerical simulations. It is
shown that our results for the baseline turbulent channel flow are in good agreement
with the results of Kim et al. [1987] and Moser et al. [1999].
For turbulent flow through a microchannel patterned with a superhydrophobic sur-
face on the bottom wall, Martell et al. [2009, 2010] numerically investigated the
dependence of the reduction in flow resistance on the superhydrophobic micro-
feature topography (ridge and post) for several friction Reynolds numbers (Reτ =
180, 395, 590). The variation in shear stress on the channel bottom wall ∆τw =
1−τwB/τw was quantified to investigate the reduction in flow resistance arising from
the use of superhydrophobic surfaces. For one longitudinal groove model which is
30µm wide and spaced at 30µm, their result of ∆τw = 1 − τwB/τw is consistent
with the experimental data from Daniello et al. [2009] who using the reverse osmosis
purified water as the working fluid. Employing our DNS code, numerical studies
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Figure 5.3: The percentage increase of flow rate plotted against various values of L at shear-free
fractions δ = 0.50 and 0.75 (square: 0.50; triangle: 0.75) for both laminar and turbulent flow
regimes (laminar flow: open symbols; turbulent flow: filled symbols).
on the similar superhydrophobic surface configurations as Martell et al. [2009] and
Daniello et al. [2009] have been performed. In the table 5.1 and 5.2, it is shown that
there is good agreement between the results obtained using our DNS code and the
results of Martell et al. [2009] and Daniello et al. [2009].
5.2.2 Turbulent mean flow properties
Turbulent mean flow properties including the bulk flow rate and planar-averaged
streamwise velocity profile are presented to examine the reduction in flow resistance
by superhydrophobic surfaces. The turbulent flow results are compared with results
corresponding to a Stokes flow through a channel patterned with the same transverse
micro-feature configurations.
Figure 5.3 shows the increase in bulk flow rate for various values of L corresponding
to shear-free fractions δ = 0.50 and 0.75 in both the laminar and turbulent flow
regimes. For L = pi and δ = 0.75, the enhancement in flow rate is ≈ 48% and
≈ 140%, respectively, for turbulent and laminar flows through channels patterned
with superhydrophobic transverse grooves. Moreover, the enhancement in bulk flow
rate increases monotonically with increasing L and δ for both flow regimes; this




































Figure 5.4: The planar-averaged velocity profile plotted against the wall-normal distance in
viscous wall units at the shear free fraction δ = 0.50 (a) and 0.75 (b) for various L (L = pi :
red solid line; L = pi/2: blue solid line;L = pi/4: green solid line; L = pi/8: violet solid line).
The velocity profile of baseline turbulent (black solid line), the law of the wall 〈U〉+ = y+ and
〈U〉+ = 2.5 ∗ ln(y+) + 5.5 (black dot dash line) are also shown.
Figure 5.4 shows 〈U〉+ ( 〈U〉+ = 〈U〉/uτ ) as a function of the wall-normal distance
in viscous wall units for various values of L corresponding to shear-free fractions
δ = 0.50 and 0.75. There is a finite positive planar-averaged velocity along the
surface of interface-rib combinations arising from the non-zero slip velocity along
the shear-free interfaces. In the log law region, the planar-averaged velocity profile
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is written as 〈U〉+ = (1/κ)ln(y+) + B where κ is the von-Karman constant 0.4 and
B is 5.5 for the baseline turbulent channel flow. Using superhydrophobic surfaces
on both channel walls, the von-Karman constant κ which defines the functional
relation between 〈U〉+ and y+ is found to maintain at the same value of 0.4. The
value of the other constant B increases with increasing normalized periodic spacing
L and shear-free fraction δ. Using a curve fitting method, B can be derived on
the basis of the velocity profile. For example, for δ = 0.50, B is approximately 6.7
and 9.1 for L = pi/8 and L = pi, respectively. From the planar-averaged streamwise
velocity distribution, it is evident that corresponding to the use of superhydrophobic
surfaces, a log law region still exists, albeit that the log law distribution experiences
an upward shift [Martell et al., 2010].
5.2.3 Turbulent statistical properties
To examine the bulk flow properties, the reduction in turbulent flow resistance by
the patterning of superhydrophobic transverse configurations with various L and
δ was analyzed in preceding part. In this section, the turbulent statistical flow
characteristics will be examined.
Figure 5.5 presents the root mean square (rms) of velocity fluctuations 〈u′2〉rms,
〈v′2〉rms and 〈w
′2〉rms plotting against the wall-normal distance in viscous wall units.
It is shown that the turbulence intensities 〈v′2〉rms and 〈w
′2〉rms increase slightly
with the use of superhydrophobic surfaces, regardless of the values of L and δ. The
streamwise turbulence intensity 〈u′2〉rms, especially its peak value, is enhanced ap-
preciably below the log law region. However, in the log law region, the increase
in streamwise velocity fluctuations 〈u′2〉rms is not so noticeable. These observations
further substantiate that the presence of superhydrophobic surfaces serves to modify
the turbulent flow field in the near-wall region (y+ < 30). Comparing the three com-
ponents of turbulence intensities, the streamwise velocity fluctuations are affected
the most.
The Reynolds stress −〈u′v′〉 is another quantity of important in turbulence. Figure
5.6 presents the Reynolds stress −〈u′v′〉 distribution along wall-normal direction. It
is apparent that the use of superhydrophobic surfaces affects the Reynolds stress
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〉rms: dash dot lines) plotted against the wall-normal distance in viscous wall units
for (a) δ = 0.50 and (b) δ = 0.75. The corresponding rms of velocity fluctuations of baseline
turbulent channel flow (black color) are also shown.
−〈u′v′〉 slightly, except for geometry of L = pi at δ = 0.75. This observation is con-
sistent with the significant increase in 〈u
′2〉rms previously observed for the geometry
L = pi at δ = 0.75. Lee et al. [1990] performed investigations on turbulent flow
structures at high shear rates, and suggested that the turbulent flow streaks are ma-
nipulated by the shear flow. According to the Reynolds stress distribution in Figure
5.6, it is likely that the use of superhydrophobic surfaces will not significantly impact
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Figure 5.6: Reynolds stress −〈u′v′〉 plotted against the wall-normal distance in viscous wall units
for (a)δ = 0.50 (b) δ = 0.75. The corresponding Reynolds stress of baseline turbulent channel flow
(black solid line) is also shown.
the structure of the turbulent flow streaks in the log law region. Nearer the wall
below the log law region, the weakly enhanced Reynolds stress affects the turbulent
flow structures to some extent. Specifically, the larger enhancement in Reynolds
stress arising from the use of superhydrophobic surfaces is most pronounced for the
geometry of L = pi at δ = 0.75.
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Figure 5.7: The turbulent kinetic energy budget distribution. (a) Geometry of L = pi at δ = 0.75.
The corresponding lines colored by the same color of symbols show the corresponding results of our
baseline turbulent channel flow. (b) and (c) show the production and dissipation rate distributions
for various values of L at δ = 0.50 and 0.75.
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Next, the turbulence kinetic energy distribution arising from the use of superhy-
drophobic surfaces is analyzed. The budgets for the turbulence kinetic energy con-
sisting of production, dissipation rate, turbulence transport, viscous diffusion and
velocity pressure-gradient correlation are calculated by averaging over the entire
periodic plane for each value of y+. Figure 5.7(a) presents the turbulence kinetic
energy budget distribution for the geometry L = pi at δ = 0.75. Similar to the dis-
tributions for rms of velocity fluctuations and Reynolds stress, these various energy
budget terms almost overlap with the corresponding terms for our baseline channel
flow in the log law region. This is consistent with the previous hypothesis that the
flow streaks are relatively unaffected by the superhydrophobic surfaces and possess
comparable turbulence kinetic energy in this region. However, moving closer to-
wards the wall, for y+ < 30, there is an increase in the peak values corresponding to
the production, turbulence transport and viscous diffusion terms. The y+ locations
of these peak values also appear to shift closer towards the wall. These observa-
tions appear to be consistent with the distributions for rms of streamwise velocity
fluctuations and Reynolds stress.
For the other superhydrophobic geometries investigated, the distributions of the
turbulence kinetic energy budget terms for the production and dissipation rate are
shown in Figures 5.7(b) and (c) to provide insights pertaining to the effects of varying
L and δ. It can be seen that the shifting of the peak corresponding to the production
term towards the wall and the increase in the peak value of the production term occur
for these cases too, even though the increase in the peak value of production are not
as appreciable as the geometry L = pi at δ = 0.75. Furthermore, the dissipation rate
is almost unaffected by the use of superhydrophobic surfaces.
Statistical properties involving rms of velocity fluctuations, Reynolds stress, and
turbulence kinetic energy budget have been presented as functions of the wall nor-
mal distance in viscous wall units in this section. It has been demonstrated that
the use of superhydrophobic surfaces containing transverse grooves and ribs affects
these planar-averaged turbulence statistical quantities inappreciably in the log law
region. Closer towards the wall below the log law region, the use of superhydropho-
bic surfaces gives rise to the near-wall shift and increase in the peak value of these
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statistical quantities, even though these effects are not so dramatic. The geome-
try with L = pi at δ = 0.75 shows the greatest deviation arising from the use of
superhydrophobic surfaces.
5.2.4 Flow structures
In the preceding sections, the effects of superhydrophobic surfaces on the turbulent
statistical flow properties have been quantified for various values of L and δ. The
turbulent flow structures which may be responsible for the reduction in flow resis-
tance due to the presence of superhydrophobic transverse micro-features on channel
walls will be analyzed in this section.
Before the computations are performed, the appropriate computational domain
which is sufficiently large to capture all the critical characteristics of the turbulent
flow should be chosen. For a sufficiently large computational domain, the turbulent
fluctuations should be un-correlated after one-half of a spatial period of the compu-
tational domain in the x- and z-directions [Kim et al., 1987]. Correlation function
which is a statistical function, describes how variables at two different spatial or
temporal points are correlated. Two-point correlation or autocorrelation specifies
the correlation function between variables representing the same quantify at two dif-





















i(i = 1, 2, 3) denotes the fluctuation components of velocity corresponding
to u′, v′, w′ respectively, 4x is the spatial distance between two points. When the






along the streamwise x-direction and spanwise z-directions
should approach zero at a distance of one half-period in the x- and z-directions (i.e.
piH : H : piH/2). Lee et al. [1990] suggested that shear is the essential mechanism
responsible for the rotation of turbulent structures. For various superhydrophobic
geometries defined by L and δ, comparisons of the two-point correlation and its
associated longitudinal integral length scale should be derived along the layer where
the local shear distribution of all the geometries is the same. For the investigated
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Figure 5.8: The two-point correlation along the streamwise direction. (Cu′u′ : blue color; Cv′v′ :
red color; Cw′w′ : black color. (a) The two-point correlation of our baseline model (solid lines) and
Kim et al. [1987] (dash lines). (b) The two-point correlation of geometry L = pi/2 at δ = 0.50
(solid lines) and our baseline model (dash lines). (c) The two-point correlation of geometry L = pi
at δ = 0.75 (solid lines) and our baseline model (dash lines). The symbols of triangle and circle
denote the rib and interface respectively.
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geometries, the patterning of superhydrophobic surfaces on both channel walls gives
rise to the same spatially-averaged shear stress as the baseline turbulent channel
flow. The symmetric patterning of superhydrophobic surfaces on both channel walls
yields the same spatially-averaged shear at the same y+ location corresponding to
the same wall-normal position for various geometries. Figure 5.8(a) shows the two-
point correlation of the velocity fluctuations along the streamwise direction in the
viscous sublayer at y+ ≈ 5.3. The corresponding results of Kim et al. [1987] for
the same y+ location are also shown as dash lines in the figure for the purpose
of comparison. In Figure 5.8(a), it is shown that the two-point correlations decay
sufficiently and approach zero after half a spatial period in the streamwise direc-
tion of the computational domain. This implies that the computational domain
adopted is appropriate for performing the turbulent flow numerical simulations at
the Reynolds number Reτ = 180. Our results for the correlations of velocity fluctu-
ations comparing favorably with those of Kim et al. [1987] for the baseline turbulent
channel flow. Minor discrepancies in the streamwise velocity correlation Cu′u′ may
have resulted from the fact that in our simulations, the number of iterations used
for the ensemble-averaging of the statistical quantities was not substantial due to
the limited computational time.
Figure 5.8(b) and (c) show the two-point correlation for the geometries of L = pi/2
at δ = 0.50 and L = pi at δ = 0.75. The correlations have been evaluated at
y+ ≈ 5.3 and are shown using solid lines. The black triangular and blue circular
symbols are used to denote the no-slip rib and shear-free interface, respectively.
The corresponding results of our baseline geometry are also shown using dash lines.
From the previous section, it was demonstrated that the use of superhydrophobic
surfaces mainly affects the turbulent flow in the near-wall region beneath the log law
region. Hence, results corresponding to y+ ≈ 5.3 are presented as a typical example
to investigate the effects of superhydrophobic surfaces. Due to the streamwise flow
traversing from a rib region to a groove region and vice versa, there are kinks along
the distributions of the two-point velocity correlations. For a fixed computational
domain, a smaller micro-feature periodic spacing L yields more kinks or traverses
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between ribs and grooves along the streamwise direction of the computational do-
main. The geometry L = pi/2 at δ = 0.50 has been presented to elucidate the
multiple traverses between successive ribs and grooves. In Figure 5.8(b), the kinks
arising from the flow traversing between ribs and grooves are evident to an observer
moving along the lines of the two-point correlations. Figure 5.8(c) presents the two-
point correlations for the geometry L = pi at δ = 0.75 which has previously been
demonstrated to be superior in the reduction in flow resistance. From Figures 5.8(b)
and (c), the solid lines corresponding to the streamwise two-point correlations for
the channel containing superhydrophobic surfaces consistently lie above the dash
lines corresponding to the baseline channel with flat walls. The presence of superhy-
drophobic surfaces consisting of transverse ribs and grooves thus causes the velocity
fluctuations to remain correlated for a larger streamwise distance.
From Figures 5.8(b) and (c), the effects of using superhydrophobic surfaces on the
streamwise two-point velocity correlations may be qualitatively inferred. The lon-
gitudinal integral length scale obtained by integrating the two-point correlations
over one-half period of the computational domain in the streamwise direction will
subsequently be calculated to quantify the typical size of the large scale turbulent
coherent structures. Figure 5.9 shows the longitudinal integral length scale as a
function of the wall-normal distance expressed in viscous wall units for various val-
ues of L and δ. The longitudinal integral length scale of our baseline geometry is
compared against the results of Kim et al. [1987]. The longitudinal integral length
scale characterizes the typical size of the larger eddies within the turbulent flow. In
Figure 5.9, it is demonstrated that the use of superhydrophobic surfaces patterned
with transverse grooves and ribs results in an elongation of the large-scale eddies.
Following an increase in y+ or moving away from the channel wall, the longitudinal
integral length scale decreases, regardless of the values of L and δ. Below the log law
region, the increase in the longitudinal integral length scale is remarkable, especially
for the geometry L = pi at δ = 0.75, where the integral length scale rises up to
350 viscous wall units at the very near-wall region y+ ≈ 5.3. The elongated large







































Figure 5.9: Longitudinal integral length normalized by viscous length plotted against the wall-
normal distance in viscous wall units for (a) δ = 0.50 and (b) δ = 0.75. The corresponding
longitudinal integral length of our baseline model (black solid line) and Kim et al. [1987] (black
dashed line) identified at the same y+ are also shown.
with the large scale vortical structures. The redistribution of turbulence kinetic en-
ergy arising from the use of superhydrophobic surfaces may possibly interfere with
the energy cascade process from the larger eddies to the smaller ones and eventually
to the smallest eddies which are responsible for viscous dissipation.
To complement the results obtained for the two-point velocity correlations, the in-






Figure 5.10: The contour plots of instantaneous streamwise velocity and vorticity at y+ ≈ 1 for
(a) and (b) baseline model, (c) and (d) superhydrophobic geometry of L = pi/2 at δ = 0.50 and
(e) and (f) superhydrophobic geometry of L = pi at δ = 0.75.
be presented to elucidate the turbulent flow field. The geometries of L = pi/2 at
δ = 0.50 and L = pi at δ = 0.75 will again be presented as typical examples to
investigate the effects of using superhydrophobic surfaces. Figure 5.10 shows con-
tour plots of the instantaneous streamwise velocity and vorticity at y+ ≈ 1 for the
baseline channel geometry with no-slip walls, as well as for the channel geometries
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L = pi/2 at δ = 0.50 and L = pi at δ = 0.75 containing superhydrophobic surfaces.
At this near-wall layer y+ ≈ 1, the regions immediately above the no-slip rib and
shear-free interface are clearly demarcated, and it is evident that the streamwise
velocity approximates to zero over the rib and registers a finite non-zero value above
the groove. Moreover, there is noticeable deceleration of the streamwise velocity
when the flow traverses from the groove region to the rib region (Figure 5.10(c) and
5.10(e)). In addition, Figure 5.10(d) and 5.10(f) illustrate the distributions of the
instantaneous streamwise vorticity corresponding to the superhydrophobic geome-
tries. As compared to the baseline geometry, the instantaneous streamwise vorticity
tends to be uniformly distributed over the groove regions for the superhydrophobic
geometries.
In addition, it will be of interest to study the presence of counter-rotating vortical
structures in the near-wall region of the turbulent channel flow. The average spacing
of low- and high-speed streaks is examined to investigate the effects of using super-
hydrophobic surfaces. To examine the presence of streaks in the near-wall region
of y+ ≈ 10.4 corresponding to the region of maximum production of turbulence
kinetic energy, Kim et al. [1987] estimated that the mean streaks spacing is roughly
100 viscous wall units. The spanwise two-point correlation of the streamwise ve-
locity is first evaluated and the spanwise distance where the two-point correlation
reaches a minimum is identified. This spanwise distance is doubled to yield the av-
erage streaks spacing. Figure 5.11(a) depicts the two-point correlation distribution
along the spanwise direction for the baseline channel geometry at y+ ≈ 10.4. The
location corresponding to the minimum value of spanwise two-point correlation of
streamwise velocity Cu′u′ is z
+ ≈ 50, thus yielding an average streaks spacing of
approximately 100 viscous wall units, which is consistent with the value estimated
by Kim et al. [1987]. In addition, for the baseline channel geometry, the locations
corresponding to the minimum values of Cv′v′ and Cw′w′ are z
+ ≈ 25 and z+ ≈ 50,
respectively. These results are in consistence with those of Kim et al. [1987], where
the corresponding spanwise separations yield information pertaining to the mean di-
ameter of the streamwise vortices and the presence of counter-rotating vortex pairs,
respectively. The use of superhydrophobic surfaces for turbulent channel flow may
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Figure 5.11: The spanwise two-point correlation at y+ ≈ 10.4 of (a) Baseline model (b) geometry
of L = pi/2 at δ = 0.50 and (c) geometry of L = pi at δ = 0.75.
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modify the structure of streaks and organized flow structure in the near-wall region.
Figures 5.11(b) and (c) show the spanwise two-point correlation of the velocity fluc-
tuations corresponding to two typical superhydrophobic channel geometries L = pi/2
at δ = 0.50 and L = pi at δ = 0.75 at the same wall-normal location y+ ≈ 10.4. It is
observed that the streaks spacing is approximately 102 and 110 viscous wall units,
respectively, for the two geometries. As the streaks spacing remains approximately
constant at 102 ∼ 110 viscous wall units for the superhydrophobic geometries (the
results for other superhydrophobic geometries are similar in magnitude and are thus
not presented), it may be inferred that the fundamental nature of the organized flow
structure consisting of low- and high-speed streaks is not significantly modified due
to the introduction of superhydrophobic surfaces. The spanwise separations corre-
sponding to the minimum values of Cv′v′ and Cw′w′ , which, respectively, represent the
mean diameter of the streamwise vortices and the presence of the counter-rotating
vortex pairs, are evaluated to be z+ ≈ 25 and z+ ≈ 50 for the channels containing
superhydrophobic surfaces. These values are consistent with those corresponding to
the baseline channel geometry with no-slip walls.
To provide a visualized view of the formation of low- and high-speed streaks in the
near-wall region, contour plots of the instantaneous streamwise velocity are shown in
Figure 5.12 for the baseline channel geometry, as well as the channel geometries with
superhydrophobic surfaces of L = pi/2 at δ = 0.50 and L = pi at δ = 0.75 at y+ ≈
10.4. As compared to the contour plots for the instantaneous streamwise velocity at
y+ ≈ 1 in Figure 5.10, the effects of the presence of superhydrophobic surfaces on
the flow field at y+ ≈ 10.4 are less significant. It is difficult to identify the micro-
feature periodic spacing L, the shear-free fraction, as well as the locations of the
transverse ribs and grooves from the contour plots of the instantaneous streamwise
velocity distribution. From Figure 5.12, the distinct low- and high-speed streaks
may be identified for each geometry.
Three-dimensional visualization of turbulent organized flow structures will be shown
in terms of λ2 (Jeong and Hussain [1995]) that represent the vortex cores. This
visualization will help to identify the elongated large eddies generated by the use






Figure 5.12: The contour plots of instantaneous streamwise velocity at y+ ≈ 10.4 for (a) baseline
model (b) geometry of L = pi/2 at δ = 0.50 and (c) geometry of L = pi at δ = 0.75.
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Figure 5.13: The iso-surface distribution of λ2 (negative value) which is colored by the wall-
normal distance for (a) baseline model (b) geometry of L = pi/2 at δ = 0.50 and (c) geometry of
L = pi at δ = 0.75. At the right side, the streamwise velocity distribution at y+ ≈ 1 are shown to
identify the microfeature configuration.
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(negative value). Depending on the wall-normal distance, different colors are used
to represent the distribution. The instantaneous streamwise velocity distribution at
the near-wall layer of y+ ≈ 1 is shown in the right side to assist the identification
of microfeatures. In reference to the λ2 distribution of the baseline model, it is
quite apparent from Figure 5.13 that the elongated eddies form due to use of the
superhydrophobic geometries. For models with larger L and δ, such as L = pi at
δ = 0.75 (see Figure 5.13(c)), longer eddies of large size are visualized as compared
to the baseline model. This observation suggests that elongation of the eddies are
due to the use of superhydrophobic surfaces.
5.3 Conclusions
Reduction in flow resistance in microchannel turbulent flow over superhydrophobic
surface containing transverse grooves and ribs is numerically quantified at Reτ =
180. Assuming a flat liquid-gas interface, direct numerical simulations are performed
to explore the dependence of the reduction in flow resistance on superhydrophobic
transverse configuration. For laminar as well as turbulent flow regimes, the enhance-
ment in bulk flow rate increases monotonically with increasing L and δ. When L
and δ are fixed, the increment of flow rate becomes more prominent for laminar
flow. The maximum increase in flow rate obtained for turbulent flow is ≈ 48%. The
planar-averaged streamwise velocity profile resides in the log law region. However,
compared to the baseline model, an upward shift is observed for superhydrophobic
geometries. The effects of using superhydrophobic surfaces on the distributions of
statistical properties involving rms of velocity fluctuations, Reynolds stress and tur-
bulent kinetic energy budget are inappreciable in the log law region of y+ > 30.
Below the log law region, use of superhydrophobic surfaces results in near-wall shift
and increase in the peak value of all the statistical quantities. The geometry of
L = pi at δ = 0.75 is noted for its superior performance in reducing flow resistance.
This configuration also affects the statistical quantities significantly. Quantitative
measurements and qualitative visualizations of streamwise two-point correlations
are also performed to identify turbulent flow structures. The streamwise two-point
correlation Cu′u′ is found to be a positive constant along the streamwise direction
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for superhydrophobic geometries as opposed to the zero-valued constant for baseline
turbulent channel flow. Quantitatively, the value of longitudinal integral length ob-
tained by integrating Cu′u′ along the streamwise direction increases due to the use
of superhydrophobic surface; the maximum value being ≈ 350 viscous wall units.
With increasing y+ or moving away from the wall, the longitudinal integral length
decreases for all superhydrophobic geometries. The streaks spacing representing
the presence of pairs of counter-rotating vortices is estimated roughly as 100 viscous
wall units for baseline turbulent channel flow. Interestingly, identical value of streaks
spacing is found also for the superhydrophobic geometries. Three-dimensional visu-
alization of vortex cores identified by λ2 indicates that flowing eddies are elongated
by the use of superhydrophobic surfaces. A mechanism for the reduction in tur-
bulent flow resistance by superhydrophobic transverse configurations might be due
to obstruction of energy cascade process by the elongated large eddies. Further
experimental investigations will be performed to validate these results.
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Chapter 6
Reduction in flow resistance in
microchannel turbulent flow over
superhydrophobic longitudinal
grooves
For microchannel turbulent flow, Chapter 5 reports the effects of superhydrophobic
transverse configuration on the reduction in flow resistance. As an extension of
Chapter 5, this chapter explores at the same Reynolds number of Reτ = 180, the
superhydrophobic longitudinal configuration dependence of the reduction in flow
resistance. To this end, Direct Numerical Simulation (DNS) has been used. The




Figure 6.1 depicts schematically, the channel geometry containing superhydrophobic
sidewalls patterned with periodic arrays of alternating ribs and grooves oriented lon-
gitudinally to the flow direction. The half channel height H˜/2 and friction velocity
uτ =
√
∇P¯x(H˜/2)/ρ are used to normalize all length scales and flow quantities, so
that for example, the normalized full channel height H is defined as H = H˜/(H˜/2).
Along the spanwise direction, each groove-rib combination and groove span over nor-
malized distances of E and e, respectively. Thus, the normalized shear-free fraction
is δ = e/E and normalized periodic spacing L = E/(H/2). The boundary conditions
Figure 6.1: Schematic diagram showing the channel geometry containing superhydrophobic sur-
faces patterned with alternating ribs and grooves parallel to the flow direction on both walls. The
flat liquid-gas interfaces are colored as the blue planes.
and DNS related numerical schemes are identical to those used in Chapter 5. All the
assumptions and variable denotations made in Chapter 5 are also applicable here.
Under the condition of unit streamwise pressure gradient ∇P¯x, results are presented
at Reτ = 180 for L ranging between pi/16 to pi.
102
6.2. Results























Figure 6.2: The percentage increase of flow rate plotted against various values of L at δ = 0.50
and 0.75 (square: 0.50; triangle: 0.75) for both laminar and turbulent flows (laminar flow: open
symbols; turbulent flow: filled symbols) over superhydrophobic longitudinal configurations.
6.2 Results
6.2.1 Turbulent mean flow properties
Validation studies of the numerical method have been discussed in Chapter 5 in
detail. The validated parallel DNS code is used here to investigate the effects of su-
perhydrophobic longitudinal configuration on the reduction in turbulent flow resis-
tance. By employing the domain perturbation technique, Chapter 3 has analytically
quantified for Poiseuille flow, the effects of superhydrophobic longitudinal configura-
tion on the reduction in flow resistance in terms of effective slip length. For laminar
as well as turbulent flow regimes, Figure 6.2 presents at δ = 0.50 and 0.75, the
increased bulk flow rate for various L. For the same longitudinal configuration, i.e.
same L and δ, the increase in flow rate is more prominent in turbulent flow when
L ≤ pi/4. With increasing L, the flow rate increases monotonically for both the
regimes of flow. The value of maximum enhancement in flow rate are up to ≈ 139%
and ≈ 297%, respectively, for turbulent and laminar flows at L = pi and δ = 0.75.
Figure 6.3 shows the planar-averaged streamwise velocity distribution along the wall-





































Figure 6.3: The planar-averaged streamwise velocity plotted against the wall-normal distance in
viscous wall units at (a) δ = 0.50 and (b) δ = 0.75 for various values of L. (L = pi: red solid line;
L = pi/4: blue solid line; L = pi/16: green solid line). The velocity profile of the baseline turbulent
channel flow (black solid line), law of the wall 〈U〉+ = y+ and 〈U〉+ = 2.5 ∗ ln(y+)+ 5.5 (black dot
dash line) are also shown.
With respect to the baseline turbulent channel flow, it is shown that the patterning
of superhydrophobic longitudinal configuration increases the bulk flow significantly.
As an example, we consider the geometry of L = pi at δ = 0.75 (Figure 6.3(b))
that corresponds to the maximum enhancement in flow rate. For this geometric
configuration, the log law profile of planar-averaged streamwise velocity is given by
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〉rms: dash dot lines) plotted against the wall-normal distance in wall unit for (a)
δ = 0.50 and (b) δ = 0.75. The corresponding rms of velocity fluctuations of the baseline turbulent
channel flow (black color) are also shown.
〈U〉+ = 2.5 ∗ ln(y+) + 28 while 〈U〉+ ≈ 25.9 on the channel walls. Even though the
log law region exists for superhydrophobic geometries, significant upward shift of
the log law region is quite apparent from the figure. Additionally, tremendous slip
velocity along the shear-free interface results in appreciable planar-averaged stream-
wise velocity on the walls. As a consequence, the bulk flow is enhanced strikingly.
These observations provide clear evidences in support of superior enhancement in
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Figure 6.5: Reynolds stress −〈u′v′〉 plotted against the wall-normal distance in viscous wall units
for (a) δ = 0.50 and (b) δ = 0.75. The corresponding Reynolds stress of baseline turbulent channel
flow (black solid line) is also shown.
flow rate via longitudinal superhydrophobic surfaces patterning on channel walls.
6.2.2 Turbulent statistical flow properties
Besides the bulk flow rate and planar-averaged streamwise velocity, the dependence
of turbulent statistical quantities on superhydrophobic longitudinal configuration is
also studied. In connection with turbulent intensity specified via root mean square
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(rms) of velocity fluctuations, Figure 6.4 plots for pi/16 ≤ L ≤ pi, the distributions of
〈u′2〉rms, 〈v
′2〉rms and 〈w
′2〉rms against the wall-normal distance in viscous wall units.
It is found that the aforesaid distributions of rms velocity fluctuations are affected
mostly in the near-wall region of y+ < 60. Within this region, an increase in L leads
initially to decrease in the magnitude of 〈u′2〉rms and shifts the y
+ location of its peak
value closer towards the wall firstly, and then increases its magnitude; for 〈v′2〉rms and
〈w′2〉rms, increase in the peak value and near-wall shift occurs. Superhydrophobic
geometry of L = pi at δ = 0.75 is to be noted for the significant increase in the
magnitude as well as near-wall shift of the peak value for 〈u′2〉rms and 〈w
′2〉rms.
The distribution of Reynolds stress −〈u′v′〉 also affected by the use of superhy-
drophobic surfaces, is shown in Figure 6.5. For small and moderate L such as,
L = pi/16 and pi/4, Reynolds stress −〈u′v′〉 is enhanced in the near-wall region of
y+ < 40 and the increment in −〈u′v′〉 is almost the same for both values of L. For
large value of normalized periodic spacing such as, L = pi, significant increase in
Reynolds stress in the near-wall regions of y+ < 80 and y+ < 140 are observed when
δ = 0.50 and 0.75, respectively. As for the rms of velocity fluctuations (Figure 6.4),
near-wall shift of the peak values is seen also for −〈u′v′〉.
In addition, the distribution of kinetic energy budget (normalized by u4τ/ν,) for a
representative L = pi at δ = 0.75 is shown in Figure 6.6(a). The variations of
increase in magnitude as well as near-wall shift of the peak value occur for each
component of turbulent energy budget. Significant enhancement in the magnitudes
of production and dissipation rates are noteworthy in the near-wall region of y+ ≤ 10.
In particular, initial decay followed by subsequent rise in the production term is
remarkable. In light of the energy budget distribution of superhydrophobic geometry
L = pi at δ = 0.75 (Figure 6.6(a)), the distributions of production and dissipation
rate for all the geometries are presented in Figures 6.6(b) and (c). In the near-wall
region of y+ < 30, the increase in L from pi/16 to pi is associated with gradual
increase in the magnitude of dissipation rate. For superhydrophobic geometry of
L = pi at δ = 0.50, the trend of production is similar to the one for L = pi at
δ = 0.75 shown in Figure 6.6(a). However, for moderate and small L, the maximum
production is found to generate on the interface-rib plane.
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Figure 6.6: The turbulent kinetic energy budget as functions of wall-normal distance in viscous
wall units. (a) The turbulent kinetic energy budget distributions for geometry of L = pi at δ = 0.75.
The corresponding lines colored by the same color of symbols present the corresponding results of
baseline turbulent channel flow. (b) and (c) show the production and dissipation rate distribution
for various L at δ = 0.50 and 0.75.
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For turbulent flow over superhydrophobic surfaces, the distributions of turbulent
statistical quantities are therefore largely affected by the patterning of superhy-
drophobic longitudinal configuration. For instance, significantly larger increase in
Reynolds stress is realized for large L (= pi) than those of pi/4 and pi/16 while near-
wall shift in the peak value of Reynolds stress is seen for each L. For L = pi/4 and
pi/16, the maximum of turbulent production is generated at the wall whereas for
large L, this occurs at y+ ≈ 7. In light of these distributions of statistical quanti-
ties, the superhydrophobic longitudinal configuration may have great influences on
the turbulent flow structures, especially within y+ < 30 below the log law region.
6.2.3 Flow structures
In 6.2.2, the effects of superhydrophobic longitudinal configuration on the reduction
in turbulent flow resistance have been explored by investigating the distributions of
statistical flow quantities. For further understanding of the mechanism leading to
the reduction in flow resistance, the turbulent flow structures influenced by the use
of superhydrophobic surfaces are identified in this subsection.
At the near-wall layer of y+ ≈ 5.3, Figure 6.7 presents the two-point correlation along
the streamwise direction for two typical superhydrophobic geometries of L = pi/4
at δ = 0.50 and L = pi at δ = 0.75. For reference, the corresponding results of
our baseline model are also shown via dash lines. Disappearance of the two-points
correlations such as Cu′u′ , Cv′v′ and Cw′w′ along the streamwise direction confirms
that the computational domain used is sufficiently large (Figure 6.7). Moreover, for
superhydrophobic geometries, the two-point correlations of Cu′u′ and Cv′v′ are found
to approach zero faster than the baseline model. The longitudinal integral length
L+xx is calculated by integrating the streamwise two-point correlation along the flow
direction. This scale quantifies the typical size of the large scale turbulent coherent
structures. For superhydrophobic geometries, Figure 6.8 plots the variation of L+xx
with y+. As y+ is increased (moving away from the wall), the longitudinal integral
length L+xx is found to vary between 125 and 180 viscous wall units for various L
and δ. This provides the quantitative evidence that the reduction in flow resistance
arising from the patterning of superhydrophobic longitudinal configuration might be
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Figure 6.7: The two-point correlation along the streamwise direction at the near-wall layer
y+ ≈ 5.3. (Cu′u′ : blue color; Cv′v′ : red color; Cw′w′ : black color. (a) Geometry of L = pi/4 at
δ = 0.50 (solid lines) and baseline model (dash lines). (b) Geometry of L = pi at δ = 0.75 (solid
lines) and baseline model (dash lines).
attributed to the dominated bulk flow with the uniformly distributed eddies.
The fundamental flow structure of the pairs of counter-rotating vortices indicated
by the spacing of low- and high-speed streaks is also examined. The spacing of low-
and high-speed streaks for baseline turbulent channel flow computed by us (see last
chapter) at near-wall layer of y+ ≈ 10.4 corresponding to the region of maximum

































Figure 6.8: Longitudinal integral length normalized by viscous length as a function of wall-normal
distance in viscous wall units for (a) δ = 0.50 and (b) δ = 0.75. The corresponding longitudinal
integral length of the baseline model obtained by Kim et al. [1987] and our numerical study are
shown in black dash line and solid line respectively.
value is consistent with the one reported by Kim et al. [1987]. For turbulent flow over
superhydrophobic longitudinal configuration, the maximum production of turbulent
kinetic energy is produced at the interface-rib plane for small and moderate values of
L = pi/16 and L = pi/4 and at the y+ ≈ 7 for L = pi. The streaks spacing is measured
at the near-wall layer corresponding to y+ ≈ 10.4 where the production is almost the
same for superhydrophobic geometries with L = pi/16 and L = pi/4. At this value of
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Figure 6.9: The spanwise two-point correlation at y+ ≈ 10.4 for superhydrophobic model of (a)
L = pi at δ = 0.75 and (b) L = pi/4 at δ = 0.75.
y+, the production is large for L = pi. At the near-wall layer y+ ≈ 10.4, Figure 6.9(a)
shows the spanwise two-point correlations for superhydrophobic geometry of L = pi
with δ = 0.75. The symbols of black triangle and blue circle denote the rib region
and interface, respectively. The spacing between the low- and high-speed streaks
is found to be smaller as compared to the value obtained from the baseline model.
At y+ ≈ 10.4, the minimum in Cu′u′ is attained at z
+ ≈ 27 for superhydrophobic
geometry of L = pi with δ = 0.75. This indicates that the corresponding streaks
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Figure 6.10: The streaks spacing estimated from the spanwise two-point correlation plotted
against the wall-normal distance in viscous wall units.
spacing is ≈ 54 viscous wall units. Moreover, the mean diameter of the streamwise
vortex estimated by the separation of minimum Cv′v′ is ≈ 17 viscous wall units.
For other superhydrophobic geometries of L = pi with δ = 0.50 and L = pi/4 with
δ = 0.50, the values of streaks spacing obtained are ≈ 68 and ≈ 74 viscous wall units,
respectively which are not shown in this work. The distinctive two-point correlation
along the spanwise direction observed for at L = pi/4 at δ = 0.75 corresponding to
the spanwise breadth of a single rib of ≈ 35 viscous wall units is shown in Figure
6.9(b). It is shown that the locations corresponding to the minimum values of Cu′u′
and Cv′v′ are same, i.e. z
+
≈ 25. In view of the separation of the minimum Cv′v′
representing the mean diameter of a vortex, it appears that a single vortex with the
diameter ≈ 25 viscous wall units flows over the rib region with a narrow breath of
≈ 35 viscous wall units when y+ ≈ 10.4. As the value of L is decreased to pi/16 (not
shown in this work), the streaks spacing obtained roughly equals 100 viscous wall
units, which is the same as the baseline model. In comparison with the intermediate
value of L = pi/4, it seems that the effects of the narrow rib ( ≈ 8 viscous wall units
for δ = 0.50 and ≈ 9 viscous wall units for δ = 0.75) on streaks spacing for small




Figure 6.10 in addition demonstrates that the streaks spacing increases with in-
creasing y+. Employing a high-speed video flow-visualization system, Smith and
Metzler [1983] observed that the merging/coalescence of low-speed streaks occurs
pronouncedly for 10 ≤ y+ ≤ 30, which gives rise to the larger perceived streaks
spacing. For superhydrophobic geometries, consistently increasing streaks spacing
is obtained when moving away from the wall. The superhydrophobic geometry of
L = pi/4 at δ = 0.75 is not shown in this figure because of its turbulent coherent
structure consisting only of a single vortex.
To obtain a visualized picture of the formation of low- and high-speed streaks, the
contours of instantaneous streamwise velocity are shown in Figure 6.11 for the base-
line model and also the superhydrophobic geometries of L = pi/4, pi with δ = 0.75
at the near-wall layer y+ ≈ 10.4. Referring to the baseline model, the magnitude of
streamwise velocity over the shear-free interface is well in excess of the one for low-
speed streak along the rib region. Conversely, in light of these distinct streamwise
velocity distributions over the shear-free interface and rib region, the configuration
of the superhydrophobic geometries can be identified in a straightforward manner.
For superhydrophobic geometry of L = pi/4 with δ = 0.75 (Figure 6.11(b)), the
low-speed streak along the narrow strip of rib can be observed clearly. It is also
noted that some low-speed streaks break down owing to its interactions with the
surrounding higher-speed flow. For regions away from the wall, it can be specu-
lated that stronger interactions with the high-speed flow from the interface region
intensifies the breakdown of low-speed streaks in the rib region until the bulk flow
dominates over the entire plane. Smaller streaks spacing than the baseline model is
observed over the rib region for L = pi configuration with δ = 0.75 (Figure 6.11(c))
at the near-wall layer y+ ≈ 10.4.
6.3 Conclusions
Direct numerical simulations (DNS) are performed to explore the reduction in flow






Figure 6.11: The contour plots of instantaneous streamwise velocity at y+ ≈ 10.4 for (a) baseline
model (b) geometry of L = pi/4 at δ = 0.75 (c) geometry of L = pi at δ = 0.75.
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longitudinal grooves and ribs at Reτ = 180. The dependence of reduction in turbu-
lent flow resistance on the superhydrophobic longitudinal configurations is numeri-
cally quantified, assuming a flat shear-free liquid-gas interface. The enhancement in
flow rate increases with increasing normalized periodic spacing L for both laminar
and turbulent flows. The maximum increase in flow rate is up to ≈ 297% for lami-
nar flow which overshadows the corresponding value of ≈ 139% for turbulent flow,
at the large value of L = pi and δ = 0.75. However, for small values of L ≤ pi/4,
the increase in flow rate is more prominent for turbulent flow. The planar-averaged
streamwise velocity profile remains in the intact log law region with significant up-
ward shift and has a large slip velocity on the interface-rib plane, which give rise to
the dramatic enhancement in the bulk flow. Moreover, the distributions of turbu-
lent statistical quantities including rms of velocity fluctuations, Reynolds stress and
kinetic energy budget are found to depend on the superhydrophobic longitudinal
configurations strongly in the viscous wall region of y+ < 50. To identify turbu-
lent flow structures affected by the use of superhydrophobic surfaces, the uniformly
distributed large eddies that dominate the bulk flow and have lengths between 125
and 180 viscous wall units are examined. By measuring the spacing of low- and
high-speed streaks, the distinct flow structures of pairs of counter-rotating vortices
affected by the patterning of superhydrophobic longitudinal configurations are ob-
served. For large value of L = pi, the minimum streaks spacing is ≈ 54 viscous wall
units. This is approximated to the half-size of the corresponding streaks spacing
of baseline model at the same near-wall layer. For moderate value of L = pi/4,
the narrow strip of rib with spanwise breadth of ≈ 35 viscous wall units appears
to induce a single vortex with the diameter of ≈ 25 viscous wall units flowing over
the rib region. For superhydrophobic longitudinal configurations with small value
of L = pi/16, the fundamental flow structure of pairs of counter-rotating vortices
is not influenced by the use of superhydrophobic surfaces, indicated by the same
streaks spacing of 100 viscous wall units as for the baseline model. In addition, the
streak merging or coalescence increases the streaks spacing gradually when y+ in-
creases from 10 to 30 viscous wall units. To investigate the microchannel turbulent
flow over superhydrophobic surfaces, our results suggest that the superhydrophobic
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surfaces patterned with longitudinal grooves and ribs reduces the flow resistance
by means of manipulating the slip velocity and the spacing of low- and high-speed
streaks to redistribute the bulk flow.
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Chapter 7
Conclusions and scope for future
works
For laminar as well as turbulent microflows over superhydrophobic surfaces, the
dependence of the reduction in flow resistance on microgroove configuration is in-
vestigated analytically and numerically. The hydrodynamic characteristics and as-
sociated transport processes are explored. Concluding remarks on the flow behavior
and salient characteristics are made in the first section. Suggestions concerning




Inspired by the unique nature example of water repellent roughness elements of lotus
leaves, superhydrophobic surfaces have been developed combining a thin hydropho-
bic layer with regularly patterned micro-sized features, such as ridges or posts. The
hydrophobicity of the surface prevents the flowing liquid from fully wetting the
cavities in between the micro-roughness. The formation of liquid-gas interfaces con-
tributes to the reduction in the effective contact area between the flowing liquid and
solid wall, thus potentially culminating in a reduction in flow resistance. According
to Navier’s law, this reduction in flow resistance arising from the slippage on the
liquid-gas interface is quantified by an effective or apparent slip length. For tur-
bulent microflow over superhydrophobic surfaces at Reτ = 180, the change in bulk
flow rate with respect to the baseline no-slip flat surface is employed to estimate the
reduction in flow resistance.
For laminar flow over superhydrophobic surfaces containing alternative longitudinal
and transverse grooves and ribs, the effects of liquid-gas interface deformation on
the effective slip behavior have been quantified analytically and numerically. In the
presence of interface deformation, the dependence of effective slip length on normal-
ized periodic spacing L, shear-free fraction δ, bulk flow geometry (tube and channel),
Reynolds number Re (for superhydrophobic transverse configuration) and flow driv-
ing mechanism (Poiseuille and Couette flow) have been explored. For laminar flow
through microtube containing superhydrophobic longitudinal configurations, an an-
alytical domain perturbation technique and an FEM-based numerical scheme have
been employed to quantify the effects of infinitesimally small and large interface
deformation on the effective slip length. In the absence of interface deformation,
the zeroth-order effective slip length λ0 is shown to be a sole function of the shear
free fraction δ when the normalized groove-rib periodic spacing L is vanishingly
small. The first order correction for the zeroth-order effective slip length λ0 aris-
ing from small interface deformation consists of two components. The perturbed
velocity field due to interface protrusion angle θ contributes to the first correction
component λ
(1)
1 . This approaches an asymptotic limit determined solely by δ as L
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becomes vanishingly small. The second correction component λ
(2)
1 results from the
variation in flow cross-sectional area arising from interface deformation. For simple
shear flow, λ
(2)
1 disappears owing to the shear-free boundary condition along the
interface. When L → 0, λ
(2)
1 invariably tends to zero. Detailed numerical investi-
gations have been carried out to study the dependence of effective slip length on L,
δ and bulk flow geometry subject to large interface deformations. SIMPLE algo-
rithm based Finite Volume Method employing collocated arrangement of primitive
variables, i.e. velocity and pressure has been used in the FLUENT computations.
Compared to microchannel flow, the effects of bulk flow geometry exhibits stronger
sensitivity to effective slip length for flow through microtube, when the liquid-gas
interface protruded excessively to the air cavities at large value of L. For the correc-
tion component λ
(2)
1 , variation in the flow cross-sectional area has been investigated
for shear-free as well as no-slip interfaces to shed light on the effects of bulk flow
geometry. For laminar flow over superhydrophobic surfaces containing alternating
transverse grooves and ribs, the effective slip behavior is found to depend strongly
on the interface protrusion angle θ. For infinitesimal small L, a critical interface
protrusion angle is found to exist (θc = 62
o ∼ 65o) corresponding to the effective
slip length approaching zero. In the low Reynolds number Stokes flow regime, θc
is independent of shear-free fraction δ, bulk flow geometry and flow driving mech-
anism. An increase in L leads to decrease θc, and for the same superhydrophobic
transverse configuration, this effect is relatively stronger for microtube flow than its
microchannel counterpart. When Re is increased to 100, way beyond the Stokes flow
regime, the effective slip length continues to decay with increasing L for θ < 30o. In
the absence of interface curvature, for vanishingly small L, an increase in Re up to
1000 results in a decay in effective slip length. This effect is more prominent for the
microtube flow than the microchannel flow. For microflow over superhydrophobic
longitudinal and transverse configurations with identical values of L, δ and θ, the
transverse grooves exhibit inferior performance in terms of effective slip length owing
primarily to the streamwise flow encountering roughness-like microfeatures.
Using direct numerical simulations (DNS), the reduction in flow resistance for mi-
crochannel turbulent flow over superhydrophobic surfaces patterned with alternating
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transverse and longitudinal grooves and ribs is quantified for Reτ = 180. Compared
to the baseline turbulent channel flow bounded by two infinite flat no-slip parallel
plates for Reτ = 180, the maximum increase in flow rate corresponding to the su-
perhydrophobic transverse and longitudinal configurations are about 48% and 139%
respectively. An increase in both the normalized periodic spacing L and shear-free
fraction give rise to an enhancement in flow rate for both the laminar and turbulent
flow regimes. Irrespective of L, an increase in flow rate for the superhydrophobic
transverse configurations is more prominent in the Stokes flow regime. For the su-
perhydrophobic longitudinal configuration, the turbulent flow regime is associated
with a higher flow rate when L ≤ pi/4. The planar-averaged streamwise velocity
profile still exists a log law region, albeit with an upward shift, arising from the
use of superhydrophobic surfaces. A significant upward shift in the log law region
for the planar-averaged streamwise velocity profile and large slip velocity along the
shear-free interface for the superhydrophobic longitudinal configuration might have
contributed to its superior enhancement in flow rate. Moreover, turbulent statis-
tical properties which consist of the rms of velocity fluctuations, Reynolds stress
and turbulent kinetic energy budget are affected mainly in the near-wall regions of
y+ < 30 and y+ < 50 for superhydrophobic transverse and longitudinal configu-
rations, respectively. To identify the turbulent organized flow structure that may
potentially contribute physically to the reduction in turbulent flow resistance via
the use of superhydrophobic surfaces, the two-point velocity fluctuation correlation,
its associated longitudinal integral length scale and streaks spacing are examined
and estimated. For the superhydrophobic transverse configuration, the streamwise
two-point correlation is found to increase as compared to the baseline configura-
tion, with the maximum value of the correlation reaching up to 350 viscous wall
units. This may potentially leads to more turbulent kinetic energy being contained
in the large scale vortical structures. The redistribution of turbulence kinetic energy
arising from the use of superhydrophobic surfaces may plausibly interfere with the
energy cascade process from the larger eddies to the smaller ones and eventually to
the smallest eddies which are responsible for viscous dissipation. In contrast, for
superhydrophobic longitudinal configuration, the streamwise two-point correlation
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decays faster and consequently fairly uniformly distributed eddies with length rang-
ing between 125 and 180 viscous wall units are observed. This might be due to the
dominance of the bulk flow with uniformly flowing eddies over the entire flow. For
turbulent flow, the presence of counter-rotating vortical structures is represented by
the spacing of low- and high-speed streaks. At the near-wall layer corresponding to
the region of maximum production of turbulence kinetic energy, the streaks spacing
is estimated roughly as 100 viscous wall units for baseline turbulent channel flow.
The fundamental vortical structures retain the identical streaks spacing of 100 vis-
cous wall units for turbulent flow over superhydrophobic transverse configuration.
However, the ribs strongly affect the vortical structure for turbulent flow over su-
perhydrophobic longitudinal configurations. For ribs with a large spanwise width
corresponding to L = pi, the streaks spacing decreases to 54 viscous wall units. A
single vortex with the diameter of ≈ 25 viscous wall units is examined to flow over
the narrow rib region (the breadth of the rib is ≈ 35 viscous wall units) for the
intermediate value of L = pi/4 at δ = 0.75. For this superhydrophobic geometry,
the pronounced merging or coalescence of the streaks can be observed by examining
the distribution of instantaneous streamwise velocity. This observation of streaks
merging or coalescence is also qualitatively observed for a small value of L = pi/16,
where the average streaks spacing is 100 viscous wall units, and is similar to the
baseline model. For a small value of L = pi/16, the strip effects induced by the
narrow ribs (≈ 18 viscous wall units for δ = 0.50 and ≈ 9 viscous wall units for
δ = 0.75) are unapparent due to the numerous streaks merging or coalescing. For
turbulent channel flow over superhydrophobic longitudinal configuration, the reduc-
tion in flow resistance may be ascribed to the bulk flow redistribution arising from
the slip velocity and streaks spacing. Elongated large eddies by the patterning of
superhydrophobic transverse configuration may hamper the energy cascade process.
Furthermore, as compared to the superhydrophobic longitudinal configuration, the
superhydrophobic transverse configuration presents itself as a roughness elements
as the flow traverses between successive ribs and grooves. This may potentially
contribute to its inferior performance in the reduction of turbulent flow resistance.
These studies and findings should be of great potential value in the microfluidics
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and nanofluidics community working on superhydrophobic surfaces.
7.2 Suggestions for future works
Using continuum flow modeling, the reduction in flow resistance of microflow over su-
perhydrophobic surfaces has been studied in the laminar and turbulent flow regimes
at length. Based on these works, some suggestions and recommendations will be
given to shed light on the future works.
In the absence of liquid-gas interface deformation, the reduction in flow resistance of
turbulent flow over superhydrophobic surfaces patterned with alternating transverse
and longitudinal grooves and rib has been studies at the Reynolds number Reτ =
180. For other surface patterning, such as the square post and square hole, the
effects of superhydrophobic surface geometry on the reduction in flow resistance due
to the use of superhydrophobic surfaces can be explored systematically. Moreover,
our studies on the turbulent flow over superhydrophobic surfaces had been performed
at the low Reynolds number Reτ = 180. The effects of high Reynolds number, such
as Reτ = 395 and 590, on the turbulent flow over superhydrophobic surfaces can
be investigated. The effective slip behavior of laminar flow over superhydrophobic
surfaces depends strongly on the liquid-gas interface deformation, which has been
studied at length in our work. For turbulent flow over superhydrophobic surfaces,
the effects of liquid-gas interface deformation on the reduction in flow resistance
should also be considered. In addition, the contact line has been assumed to be
pinned at the sharp corners of the ribs in this work. In light of the significant effects
of contact line depinning [Gao and Feng, 2009] on the effective slip performance,
more numerical investigations need to be performed.
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